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The utilization of noble metals extends far into our industrial and social structures 
since they are valuable in fields including investments, jewelry, medicine, catalysis, and 
more. Reducing the size and controlling the shape of noble metals to the nanoscale has 
proven to be a strategy that allows the efficient use of the metals while tailoring and even 
generating new features in their properties. This dissertation covers a number of strategies 
for controlling the size and shape of noble-metal nanocrystals, and scale-up approaches for 
the future commercial viability of these nanomaterials. I begin by introducing a simple and 
reliable method for the scalable production of Pd nanoplates. The success of my protocol 
relies on the use of hydroxylamine as a reductant, which allows for the nucleation and 
growth of well-defined nanoplates containing stalking faults. In the second project, I 
implement the use of dual reductants in an effort to program the reduction kinetics and 
regulate both, the nucleation and growth processes, to attain shape control of Pd 
nanocrystals. I proceed to explore a new concept based on geometric and stoichiometric 
analyses, to increase the production volume of a colloidal synthesis of Pd and Pd@Pt 
nanocrystals via seed-mediated growth. Finally, my coworkers and I report, for the first 
time, a facile synthesis of Ir nanocrystals with well-controlled facets. The essence of our 
approach was to coat an ultrathin, conformal shell of Ir on a Pd seed with a well-defined 
shape. In all, this work provides mechanistic insights on the nucleation and growth of 
noble-metal nanocrystals, enhances our understanding of the structure-property 
relationship, and propose scale up methods that could further improve the commercial 






1.1  Noble-Metal Nanocrystals and Their Applications 
Noble metals are a special group of transition metals composed of ruthenium, rhodium, 
palladium, silver, osmium, iridium, platinum, and gold. These metals exhibit unique 
chemical and physical properties such as resistance to corrosion and oxidation, ductility, 
and malleability, and are among the rarest elements in the Earth’s crust reaching the part-
per-billion levels.[1] The utilization of such elements extends far into our industrial and 
social systems since they are vital for the smooth functioning of many enterprises, 
including the fields of investments, jewelry, medicine, energy, catalysis, electronics, and 
more.[2] The average market price per oz. for some noble metals fluctuates around $119 
for Ruthenium, and $1380 for Rhodium (see Table 1.1).[3, 4] Due to their extremely low 
contents along with their high costs, it is of vital importance to develop strategies that 
enable the greatest utilization efficiency for these elements. 
 
Table 1.1. Abundance of precious metals in the Earth’s crust reported in parts-per-billion, 







(USD per oz.)[3-4] 
Ruthenium 1.0 $118.97 
Platinum 5.0 $953.20 
Iridium 1.0 $969.62 
Palladium 15 $979.53 
Gold 4.0 $1347.27 





1.1.1 From Bulk to Nano 
Simply reducing the size of a metal to the nanoscale has proven to be an effective 
strategy that not only allows for efficient use of the material but more importantly, enables 
the control and generation of new features in the properties of the metal.[5-7] In general 
terms, metallic crystals can be described as an array of structurally packed atoms that 
donate one or more electrons to form a delocalized electron cloud.[8] When reducing at 
least one spatial dimension of the crystal to 1-100 nm, the physical barrier that confines the 
atoms, and so the electrons, becomes extremely influential in the energy bands of the metal. 
This change in the spatial dimensions transform the electron density of states (DOS) of the 
valence and conduction bands from continuous to discrete, thus changing the chemical and 
physical properties of the material.[5-9]  
An example of this phenomenon can be found in gold. As a bulk material, gold exhibits 
a bright metallic yellow and it is considered the least reactive metal in the periodic table. 
However, when the size of gold crystals is reduced to the nanoscale, their chemical and 
physical properties change.[10] The interaction of light with gold nanocrystals induce the 
collective excitation of the conduction electrons, also known as a localized surface plasmon 
resonance (LSPR), and this produces distinctive colors anywhere from blue to red in the 
colloidal suspension.[10-12] As shown in Figure 1.1, the photon absorption depends on the 
size, shape, and composition of the gold nanocrystals. Moreover, light can also be scattered 
after interacting with the nanocrystals, and this can affect the overall color of the 
suspension. Both the light scattering and absorption are particularly useful in medical 




Figure 1.1. Gold nanoparticles commonly applied in biomedical applications. (a) Gold 
nanorods, (b) silica–gold core–shell nanoparticles, and (c) gold nanocages. The different 
colors of these suspensions arise from the collective excitation of their conduction 
electrons, or localized surface plasmon resonance modes.  The photon absorption varies 
with (a) aspect ratio, (b) shell thickness, and/or (c) galvanic displacement by gold. 
(Reprinted with permission from [10]. Copyright 2012 Royal Society of Chemistry) 
 
In the field of heterogeneous catalysis, noble metals play a pivotal role in many 
industrially relevant reactions. For example, Pd is currently used in catalytic converters to 
assist the conversion of hazardous gases such as CO and NO into less harmful products 
such as CO2 and N2.[13,14] This metal is also used for catalyzing a myriad of organic 
reactions, including those involved in hydrogenation, dehydrogenation, and carbon-carbon 
bond formation (e.g., Heck/Suzuki coupling), which are particularly useful in the 
pharmaceutical industry.[15-18] 
Platinum on the other hand, is the most effective catalytic material for both the oxygen 
reduction and hydrogen oxidation reactions in a fuel cell.[19,20] This metal also serves as 
an excellent catalyst for the oxidation of small organic molecules such as formic acid and 
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ethanol,[21] production of nitric acid,[22] and refining of petroleum.[23] It is widely used 
for the decomposition of hydrogen peroxide,[24] hydrosilylation reactions, which are 
particularly useful in the silicone industry,[25] and it is the main catalyst in the automobile 
industry for catalytic converters.[26,27] 
Other metals such as ruthenium, iridium, and rhodium have also been used as catalytic 
materials in many reactions. Iridium is particularly interesting for its ability to catalyze 
reactions such as selective hydrogenation of alkenes, aldehydes, unsaturated aldehydes, 
and ketones.[28-32] And it has been used in the reduction of imines to the corresponding 
amines, an important reaction in the pharmaceutical and agrochemical industries.[33] 
Ruthenium and Ru-based nanocrystals have demonstrated great catalytic performance 
towards reactions including aromatic hydrogenation, CO oxidation, ammonia synthesis, 
and CO2 methanation.[34-38] And rhodium is used in the fabrication of three-way catalytic 
converters in automobiles, catalyzing both reduction and oxidation reactions.[39,40] 
The reactions aforementioned, involve the interaction of reactant molecules with the 
surface of a catalyst. In a bulk crystal, the relative contribution of surface atoms is minimal, 
but when shrunk to the nanoscale, the surface-to-volume ratio increases so drastically that 
the relative participation of surface atoms becomes dominant and extremely valuable.[5,6] 
The use of nanocrystals in catalysis can potentially enhance the catalytic properties of the 
metal, allowing us to develop more efficient methods for the use of these precious metals. 
 
1.1.2 Not Just Nano, but Nano Shaped 
Experimental and theoretical studies have demonstrated that not only the size of a metal 
nanocrystal controls its properties, but the shape can also greatly affect its electronic, 
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optical, mechanical, and magnetic properties.[41-44] One of the pioneering studies that 
reported structure-function relationship was presented by El-Sayed and coworkers, in 
which they investigated the catalytic activity of Pt nanocrystals towards the electron-
transfer reaction between hexacyanoferrate(III) and thiosulfate ions.[45] They found that 
the activation energy for this reaction increased in the order of tetrahedral > cubic > 
spherical Pt nanocrystals.[45] In another example, Liu and coworkers demonstrated that 
Pd octahedra enclosed by {111} facets were more efficient than Pd cubes enclosed by 
{100} facets for the aerobic oxidation of 5-hydroxymethyl-2-furfural.[46] Also, our group 
investigated the catalytic activity of Pd nanocrystals towards formic acid oxidation and 
demonstrated that {100} facets had substantially enhanced activity over {111} facets for 
single-crystal catalysts.[47] More importantly, it was shown that twin defects improve even 
further the activity of Pd nanocrystals for this reaction.[47] These examples made evident 
the clear relationship between the surface structure of noble-metal nanocrystals and their 
functionality. 
 
1.2  Controlling the Shape, Size, and Composition of Nanocrystals 
The formation of metal nanocrystals can be broadly divided into three major steps: (1) 
formation of fluctuating clusters of metal atoms and/or ions, (2) subsequent evolution of 
the metastable clusters into seeds, and (3) growth of the seeds into well-defined 
nanocrystals.[6] During the first stage of crystallization, metal atoms produced by the 
reduction or decomposition of a metal precursor nucleate to form a non-stable clusters of 
atoms and ions.[6] Once the cluster exceeds a critical size, the morphological fluctuations 
become highly unfavorable so the new phase is confined to a well-defined structure known 
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as seed.[6] Both the type of seed and its evolution determine the shape and facets exhibited 
by the final nanocrystals.[48] In the following sections, I would like to discuss the 
mechanistic insights regarding nucleation and growth, the formation of different crystal 
defect structures, as well as a case study based on palladium. 
 
1.2.1 Fundamentals of Nucleation and Growth 
The quest towards understanding the formation of colloidal nanoparticles was 
pioneered by LaMer and Dinegar during the 1950’s.[49] They proposed a general 
nucleation theory after studying the synthesis of monodisperse sulfur colloids by treating 
Na2S2O2 with HCl.[49,50] During the study, LaMer and Dinegar observed that the rate of 
nucleation was sensitive to the concentration of sulfur in the solution.[49] The observations 
they made during this study have been generalized and used to partially explain the 
nucleation of metal nanocrystals.[6,50] In a typical synthesis, a metal precursor is reduced 
or decomposed to generate metal atoms. Once the concentration of atoms reaches 
supersaturation, they undergo homogeneous nucleation to form fluctuating clusters or 
nuclei. As the nuclei form, the concentration of atoms rapidly decreases below 
supersaturation, preventing the formation of more nuclei. Despite the lowered atom 
concentration, the barrier to heterogeneous nucleation support seed-mediated growth 
where atoms are added to the nuclei and/or seeds.[6, 50]  
The seeds can exhibit different internal defect structures such as single-crystal, 
singly twinned, multiply twinned, and stacking-fault-lined, all which can evolve into 
nanocrystals with different shapes (see Figures 1.2 and 1.3).[6,48,50,51] For example,  
single-crystal seeds can evolve into cubes, cuboctahedra, or octahedra depending on the 
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relative growth rates of the facets.[48] To ultimately obtain a narrow distribution for the 
shapes of nanocrystals, one must control the population of the different seeds formed 
during nucleation. But, how to control the formation of seeds with a specific internal defect 
structure? The answer lies between the principles of thermodynamics and kinetics.  
In a system driven entirely by thermodynamics, the most favored structures are the 
ones that minimize the total free energy of the nanocrystal.[50] The classical nucleation 
theory, developed by Gibbs, establishes that the free energy associated with nucleation 
depends on two variables: a volume term, and a surface area term.[50,52] For single-crystal 
seeds in vacuum, the structure formed is a truncated octahedron known as Wulff shape, a 
nanocrystal with a quasi-spherical profile that minimizes its energy by including both 
{100} and {111} facets.[6,50] However, theoretical calculations, and later on experimental 
evidence, demonstrated that the thermodynamically stable shape will depend on the overall 
size (technically speaking, the number of atoms in the structure).[50] For example, at small 
particle size, the predominant shape is icosahedra. As the particle size increases, one can 
obtain decahedra and single-crystals (Figure 1.2A). Gilroy and coworkers showed 
experimentally that the presence of twin structures in Ag nanocrystals could be controlled 
by heating and subsequent cooling nanoparticles of different sizes until they reach 
thermodynamic equilibrium.[53] Icosahedral, decahedral, and single-crystal structures 
were observed when the size of the nanoparticles increased form below 7 nm, to 7-11 nm, 
and above 11 nm, respectively.[53]  
On the other hand, experimental studies have demonstrated that the formation of 
seeds with different internal defect structures can be controlled using kinetics.[51,54,55] 
Simply, by tuning the initial reduction rate of a precursor, one can manipulate the number 
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of twin defects formed in a seed. When the initial reduction rate varies from fast, to 
moderate, and slow, nanocrystals with single-crystal, multiply twinned, and stacking fault-
lined structures, are formed correspondingly (Figure 1.2B).[51] 
 
 
Figure 1.2. (A) Phase diagram for Au nanocrystals as a function of size and temperature. 
(B) Plot displaying the percentage of plate-like (green curve), icosahedral (black curve), 
and single-crystal (blue curve) seeds formed as a function of the initial reduction rate. 
(Reprinted with permission from [50]. Copyright 2017 Wiley-VCH) 
 
Once the seeds are formed, they can further participate in heterogeneous nucleation 
for the newly formed atoms to produce nanocrystals with distinctive shapes or facets. One 
of the most important factors determining the type of facet (therefore the shape) of a 
nanocrystal is the relative rates at which different crystal planes grow.[6] In a sense, slow 
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growing facets will dominate at the expense of the faster growing ones.[6] Such dynamic 
evolution is often responsible for the formation of nanocrystals with different geometries 
as presented in Figure 1.3.[6,48] 
 
Figure 1.3. Reaction pathways that lead to fcc metal nanocrystals having different shapes. 
First, a precursor is reduced or decomposed to form the nuclei (small clusters). Once the 
nuclei have grown past a certain size, they become seeds with a single-crystal, singly 
twinned, or multiply twinned structure. If stacking faults are introduced, then plate-like 
seeds will be formed. The green, orange, and purple colors represent the {100}, {111}, and 
{110} facets, respectively. Twin planes are delineated in the drawing with red lines. The 
parameter R is defined as the ratio between the growth rates along the [100] and [111] 




One way to change the relative grow rate of the facets is to alter their specific 
surface free energies by introducing ionic species, small molecules, or macromolecules 
that can selectively bind to different facets.[6] When introducing these species into a 
reaction solution, the capped facet will be more stable, thus taking a lower specific surface 
free energy. In other words, the capped surface will take a slower growth rate and 
consequently a greater proportion on the surface, leading to the formation of a shape with 
the facet preferentially expressed.[6] Poly(vinyl pyrrolidone) (PVP) is often used for as 
both capping agent and stabilizer of the Ag and Pd {100} facets. Other capping agents 
include: bromide and chlorine ions for the Pd {100} facets, and citric acid for the 
{111}.[56,57,58] 
It is important to point out that tuning the reaction kinetics and reduction rates it is 
a complicated process. In a typical synthesis, the aforementioned surfactants and capping 
agents are present in the solution along with the metal precursor complexes.[54,59,60] 
These molecules, as well as the solvent, could undergo ligand exchange with the precursor, 
influencing the kinetics of reaction.[59,61] It is well known that metal precursors in water 
hydrolyze to create metal complexes with different stability.[59,61] For example, an 
aqueous solution of the Pd(II) complex PdBr4
2- and PdCl4
2- will produce different 
hydrolyzed compounds with the respective general form of [PdBrn(H2O)4 − n]
2 − n and 
[PdCln(H2O)4 − n]
2 − n (n ≤ 4).[59,61] The stability of both complexes, therefore their relative 
degree of hydrolysis and reduction potential are very different. For instance, it was 
demonstrated that Pd(II) complexes based on Br— and Cl— undergo different kinetic 
pathways to produce nanocrystals with different shapes.[54,62] 
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The mechanism of electron transfer also plays an important role in determining the 
rate of reaction. Marcus theory suggests that for processes involving a redox reaction, 
factors such as Coulombic interactions between the ionic reactants and the solvation of the 
ions, affect the rate of reaction.[63-65] Equally important, reduction pathways can 
determine the rate of reaction. For example, reduction may occur in solution or on the 
surface of a pre-formed seed.[54,55,66-68] As discussed by Watzky and Finke, 
autocatalytic reduction influences the kinetics of formation of a metal cluster.[66,67] Our 
group quantitatively analyzed the kinetics of autocatalytic surface reduction in the process 
of controlling the evolution of nanocrystals into predictable shapes. [68] As presented in 
Figure 1.4, our kinetic measurements demonstrated that the activation energy barrier to 
autocatalytic surface reduction was highly dependent on both the type of facet and the 
presence of twin boundaries, leading to distinctive growth patterns and products.[68] 
 
Figure 1.4. Comparison of the activation energy (Ea) for autocatalytic surface reduction 
on Pd seeds with different but well-defined facets and twin structures. (Insets) Preferential 
sites for the nucleation and deposition of Pd atoms through autocatalytic surface reduction, 
in which the precursor adsorbs onto these sites, followed by chemical reduction to atoms 
for their incorporation into the surface layer of the seed. (Reprinted with permission from 
[67]. Copyright 2017 National Academy of Science) 
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It is through kinetic control that one can attain structures thermodynamically non-
favorable.[68] Figure 1.5 shows an illustration that has been used in literature to explain 
the concept of thermodynamic versus kinetic control. The global minimum in the Gibbs 
free energy represents the most stable product (thermodynamically controlled).[68] As 
aforementioned, single-crystal seeds in vacuum form a Wulf polyhedron.[6,68] However, 
when the synthesis is conducted under kinetically controlled conditions, the product could 
be trapped in states (or shapes) corresponding to a local minimum, allowing for the 
dominance of less stable shapes.[68] Contrary to a thermodynamic control which only 
focus on the final state rather than the process, kinetic control is all about the exact 
progression of reaction which allows one to manipulate experimental conditions to 
generate different non-stable products.[68] 
 
 
Figure 1.5. Schematic illustrations of two different scenarios of thermodynamic versus 
kinetic control that involve sequential reactions. The thermodynamic product, the one at 
global minimum, could be most conveniently accessed by raising the reaction temperature. 
(Reprinted with permission from [68].  Copyright 2015 American Chemical Society.) 
 
 
1.2.2. The Case of Nanoplates 
Crystals with a close-packed lattice can experience a disruption in the stacking 
sequence of atomic layers, generating two common types of crystal defects: (1) a stacking 
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fault, and (2) a twin region.[69] For example, stacking faults can be formed when the 
stacking sequence of a cubic-close-packed lattice (e.g. ABCABCABC) is changed by 
removing or adding a layer (e.g. ABCABABC).[6,50] In terms of the energy associated 
with these defects, the stacking fault correlates positively with twin-boundary energy.[50] 
Interestingly, the formation of seeds that contain stacking faults (e.g., nanoplates) 
is not favored under thermodynamics at any size due to the high surface energy.[50] In 
general, synthesis of nanoplates requires a kinetically controlled process that has been 
achieved by decreasing the reduction rate through the use of weak reductants such as citrate 
and PVP, or by slowly injecting the metal precursor (e.g., using a syringe pump at low 
pumping rates). Also, one could intentionally use metal complexes with strong ligands such 
that the reduction kinetics is slow enough to allow the formation and growth of stalking 
faulted structures.[70-74] 
Determining the exact mechanism of formation for such defects remain to be a 
grand challenge for nanochemists and nanomaterial scientists. It has been proposed that 
stacking faults formed at the early stages of a reaction are the underline event for the 
formation of nanoplates.[50, 73] Since the formation of nuclei is extremely difficult to 
observe in real space due to the lack of experimental tools with the capability of resolving 
at such a small scale, we rely on kinetic studies along with simulations to understand this 
complicated mechanism of formation.[6] 
 
1.2.3 Seed-Mediated Growth and Pd@M Bimetallic Nanocrystals 
Wet-chemical methods that are used to control the shape of nanocrystals have 
traditionally focused on the reduction of a metal precursor by a reductant in the presence 
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of a capping agent and/or colloidal stabilizer. In such syntheses, homogeneous nucleation 
and growth occur simultaneously, which in some cases represent a limitation because the 
reduction kinetics necessary for controlling nucleation is different from what is needed to 
direct the shape evolution during a growth process.[50,75,76] This drawback can lead to 
the formation of polydispersed nanocrystals in terms of size and shape, as well as the 
presence of structures with different crystallinity or internal defect structure within the 
same synthesis.[50] To mitigate this issue, many groups have adopted the seed-mediated 
route, an attractive approach that allows to circumvent the complicated and poorly 
understood nucleation step. The hallmark of seed-mediated growth is the utilization of pre-
formed seeds as nucleation sites for the deposition of newly formed atoms.[50] An example 
is presented in the use of Pd nanocubes as seeds for the heterogeneous nucleation of the 
newly formed Pd atoms and thus the formation of Pd octahedra.[75-77] 
One of the advantages of the seed-mediated approach is the ability to control the 
structure of different metals through the replication of a seed surface.[50, 78-81] Seeds can 
be used to deposit a specific number of atomic layers of another metal, which not only 
provides an ideal route to control the amount of material used in synthesis, but it could 
potentially avoid the waste of precious metals. A good example can be found in the 
preparation of Pt-based nanocrystals using palladium as seed for the deposition of Pt atoms 
to generate Pd@PtnL (where L = atomic layers). Xia and coworkers, have successfully 
prepare Pd@PtnL nanocubes, octahedra, decahedra, and icosahedra (Figure 1.6 A-D).[78-
81] All these syntheses uses slow injection of a Pt precursor into a solution held at high 
temperatures (approximately 200 °C) so that the deposition and diffusion rates of the 
adatoms onto the seed surface can produce conformal layers of Pt atoms.[82] All protocols 
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are based polyol reduction, (usually EG or DEG) and involve the use of Pd seeds, capping 
agents, and colloidal stabilizers.  The thickness of the Pt shells could be readily controlled 
by regulating the amount of Pt precursor introduced into the system.[78-81] 
 
Figure 1.6. HAADF-STEM images of Pd@PtnL (n =1 −6) nanocrystals with different 
shapes: (A) cubic, (B) octahedral, (C) decahedral, and (E) icosahedral. (Reprinted with 
permission from [50]. Copyright 2017 Wiley-VCH.) 
 
1.3 Towards the Industrial Production of Shape-Controlled Nanocrystals 
It is still a grand challenge to use nanocrystals with controlled shapes in industrial 
applications due to the limitation imposed by the production scale. In essence, the vast 
majority of syntheses are conducted in batch reactors such as flasks or vials, and it takes 
about 6-7 hours to just produce a few milligrams of material per batch.[83] This amount is 
barely enough for initial bench testing and characterization, and simply not enough for pilot 
16 
 
studies, which is the very first step toward any industrial use. While the syntheses can be 
refined to obtain products in high quality, they may exhibit batch-to-batch irreproducibility, 
and attempting to scale up these syntheses raise issues such as poor uniformity and loss of 
both size and shape controls.[83] The formation of a nanocrystal is extremely sensitive to 
experimental conditions, such as the concentrations of reagents, reaction temperature, and 
reaction volume, among others. Therefore, when the volumes or concentrations of reagents 
are scaled up in a synthesis, issues such as spatial heterogeneity of temperature and 
chemical composition will be augmented, negatively affecting the formation of 
nanocrystals with well-defined size, shape, and composition.[83,84] 
Alternative methods have been reported for addressing these issues. For instance, 
we reported an approach based on milliliter-sized droplet reactors in order to scale up the 
production of Pd, Au, and Pd-M nanocrystals.[83] The fluidic device shown in Figure 1.7 
was assembled as a reactor where droplets of 0.25 mL in volume were produced in a 
continuous flow to achieve a nanocrystal production on a scale of 1−10 g per hour.[83] 
However, more work needs to be done towards optimizing and applying the successful 
operation of these devices in industrial sector. Such techniques still use excess of reagents 
needed for the formation of the nanocrystals, and generates large amounts of waste.  
 
Figure 1.7. Schematic illustration of the device used for generating milliliter-sized 
droplets. The device is assembled from commercially available syringe pumps, T 
connectors, and PTFE tubes with different inner diameters. (Reprinted with permission 




1.4 Scope of This Work 
The aim of the work presented in this dissertation is to develop robust protocols 
that be used to further understand the mechanisms responsible for the size, shape, and 
structural evolution of colloidal noble-metal nanocrystals. While significant progress has 
been made over the past decade, the synthesis of noble-metal nanocrystals still relies on a 
trial-and-error approach. A better understanding of the underlying forces guiding the 
formation and development of noble-metal nanocrystals will help avoid the waste of time 
and materials, and ultimately accelerate the adoption of these nanomaterials in widespread 
applications. This dissertation focusses on the development of simple, robust, and scalable 
methods for the synthesis of palladium-based nanocrystals as guided by kinetic 
considerations, and the use of such Pd nanocrystals as seeds for the synthesis of better 
catalysts based on platinum and iridium. 
In Chapter 2, I introduce a simple and reliable method for the scalable production 
of Pd nanoplates containing stacking faults. The success of my protocol was reliant on the 
use of hydroxylamine as a reducing agent, which allowed for the nucleation and growth of 
well-defined Pd nanoplates with an average edge length of 24.5 ± 6.6 nm and thickness of 
4.7 ± 0.4 nm. I conducted a kinetic analysis to validate the importance of an appropriate 
initial reduction rate in determining the formation of seeds lined with stacking faults. To 
demonstrate the robustness of this synthesis, I conducted a set of control experiments under 
different experimental conditions such as acidity, temperature, and chemical environment 
and demonstrated that Pd nanoplates could be obtained as the final products. I further 
extended the batch-based synthesis to the continuous flow setting, moving one step closer 
toward high-volume production. Taken together, this method offered both simplicity and 
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reproducibility for the synthesis of Pd nanoplates, which will enable future mechanistic 
studies and applications. 
In Chapter 3, I introduce the use of a dual-reductant approach to the shape-
controlled synthesis of colloidal metal nanocrystals. Traditional methods involve the 
reduction of a metal precursor by a single reductant, followed by homogeneous nucleation 
to generate nuclei and then seeds, that subsequently grow into nanocrystals. In general, it 
is a grand challenge to optimize such an approach because the kinetic requirement for 
nucleation tends to be drastically different from what is needed for guiding the growth 
process. In this work, I introduce a new strategy of synthesis based on the simultaneous 
use of strong and weak reductants in the same reaction solution. By controlling their 
amounts to program the reduction kinetics, the strong reductant only regulates the 
homogeneous nucleation process to generate the desired seeds, and once consumed, the 
weak reductant will take over to control the growth pattern and thereby the shape of the 
resulting nanocrystals. 
In Chapter 4, I provide a new perspective on increasing the volume of production 
during a synthesis of colloidal nanocrystals via seed-mediated growth. I demonstrate that 
the yield of Pd octahedra and Pd@Pt3–4L (L: atomic layers) core–shell octahedra with 
different sizes can be increased from ca. 2 mg to over 500 mg without compromising the 
product quality. Specifically, I applied geometric and stoichiometric analyses to calculate 
the minimum amounts of reagents needed for the complete evolution of Pd cubic seeds into 
Pd octahedra, and subsequently for the formation of Pd@Pt3–4L core–shell octahedra 
through conformal Pt coating. The simple analyses of geometry and stoichiometry allowed 
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me to obtain uniform products by avoiding homogeneous nucleation while minimizing the 
waste of reagents. 
In Chapter 5, in collaboration with Dr. Xiaohu Xia, we reported, for the first time, 
a simple method based on seed-mediated growth for the facile synthesis of Ir nanocrystals 
with well-controlled facets. The essence of this approach was to coat an ultrathin conformal 
shell of Ir on a Pd seed with a well-defined shape at a relatively high temperature to ensure 
the fast surface diffusion of Ir atoms. In this way, the facets on the initial Pd seed were 
faithfully replicated in the resultant Pd@Ir core−shell nanocrystal. With 6 nm Pd cubes and 
octahedra encased by {100} and {111} facets, respectively, as the seeds, we successfully 
generated Pd@Ir cubes and octahedra covered by Ir{100} and Ir{111} facets. The Pd@Ir 
cubes showed higher H2 selectivity (31.8% vs 8.9%) toward the decomposition of 
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FACILE, ROBUST, SCALABLE SYNTHESIS OF PALLADIUM NANOPLATES 
WITH HYDROXYLAMINE AS REDUCTANT AND THE MECHANISTIC 
INSIGHTS FROM KINETIC ANALYSIS 
 
2.1 Introduction 
Noble-metal nanocrystals are finding use in a myriad of applications ranging from 
optical sensing to plasmonic waveguiding, biomedical research, photovoltaics, and 
heterogeneous catalysis.[1-5] Similar to other metals, the physicochemical properties of a 
Pd nanocrystal are strongly correlated with its size, shape, and internal defect structure.[6] 
For example, in the context of heterogeneous catalysis, the surface-to-volume ratio 
increases rapidly, as does the utilization efficiency of surface atoms, when the size of Pd 
nanocrystals is reduced.[6] As for plasmonics, Pd nanocrystals with a spherical shape only 
exhibit localized surface plasmon resonance (LSPR) in the UV region.[7] To make Pd 
nanocrystals useful for photocatalytic applications that rely on sunlight for excitation, the 
morphology can be modified to generate highly anisotropic nanorods or nanoplates and 
thereby obtain LSPR peaks in the visible and near infrared (NIR) regions. To this end, it 
was shown that Pd nanoplates exhibit LSPR peaks in the visible while Zheng et al. reported 
the synthesis of Pd hexagonal nanosheets displaying strong LSPR in the NIR region.[7-9] 
As evident from these and other examples, the availability of synthetic methods capable of 
engineering the shape of Pd nanocrystals will be beneficial to the expansion of their 
properties and thus enhancement of their performance toward various applications. 
During the last few decades, several groups have worked diligently to elucidate the 
underlying mechanisms that control the shape evolution of noble-metal nanocrystals.[10-
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13] When synthesized in a wet-chemical setting through homogeneous nucleation, it is 
generally accepted that the final shapes taken by the nanocrystals have strong correlations 
with the seeds formed in the very early stage, in which metal atoms agglomerate together 
to form fluctuating nuclei and then well-defined structures known as seeds.[14] The seeds 
typically exhibit one or more of the following types of internal structures, including single-
crystal, singly twinned, multiply twinned, and stacking-fault-lined.[10] Recent studies 
have shown that both kinetics of the reaction (e.g., initial reduction rate of the metal 
precursor)[11,12] and structural thermodynamics (e.g., relative stability of the surface and 
volume between the various nanostructures)[15,16] play important roles in determining the 
types of seeds formed during the initial stage of a synthesis. For example, one can control 
the production of Pd nanocrystals with shapes ranging from cuboctahedron (single-crystal) 
to icosahedron (multiply twinned) and nanoplate (stacking-fault-lined) by tuning the initial 
reduction rate of a Pd(II) precursor from relatively fast to moderate and slow, 
respectively.[11,12] This example illustrates how sensitive the nucleation process is to the 
reduction kinetics and also points to the origin of irreproducibility that troubles many 
nanocrystal syntheses.  
 Among the nanocrystals with various shapes, nanoplates are favorable in a slow 
reduction process and have only been obtained under kinetic control. Such highly 
anisotropic nanostructures are intrinsically higher in energy than other thermodynamically 
favored shapes such as polyhedra. Factors such as the rate of precursor reduction, atom 
deposition, and surface diffusion can all force the nanocrystal to evolve into a non-
equilibrium shape such as the nanoplate.[10,14] Accordingly, several groups have 
synthesized Pd nanoplates using methods based on both polyol and aqueous systems. For 
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example, Xia group synthesized Pd triangular nanoplates by controlling the reduction rate 
using tetraethylene glycol (TTEG) as a relatively weak reducing agent.[12] Additionally, 
there are reports of aqueous methods that involve the use of surfactants and reducing agents 
such as PVP,[7] relatively long reaction times,[7,8] and/or hazardous gases such as carbon 
monoxide.[9,17] All these methods have a limited window of reduction kinetics and 
require a fine control over experimental parameters to obtain the nanoplates. For example, 
if the reaction rate was slightly faster, or the concentration of reagent was not optimal, the 
purity and quality of the Pd nanoplates would be negatively impacted. In addition, the 
nature of these methods (presence of gases, polyol, long reaction times) imposes a 
limitation on their potential scalability and reproducibility. 
In this work, I report a simple and robust method for the synthesis of Pd nanoplates 
using hydroxylamine as the reducing agent. Hydroxylamine is an oxygenated derivative of 
ammonia widely used as a reducing agent in organic syntheses but relatively unexploited 
in the synthesis of colloidal metal nanocrystals. Due to its good chemical stability, easy 
preparation, and mild reducing power, here I extend the use of hydroxylamine to the 
synthesis of Pd nanoplates, and also examine the effects of experimental parameters on the 
final product. A kinetic analysis is also conducted to shed light on the mechanistic 
understanding.  
 
2.2 Results and Discussion 
For the synthesis of Pd nanoplates, I used Na2PdCl4 as a salt precursor, 
hydroxylamine as the primary reducing agent, PVP as a surfactant, and CA as a capping 
agent toward Pd(111) surface. In a standard protocol, an aqueous solution containing PVP, 
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hydroxylamine, and CA was prepared at room temperature. Subsequently, an aqueous 
solution of Na2PdCl4 was added in one-shot under magnetic stirring, followed by heating 
at 100 ºC in an oil bath. 
Figure 2.1A shows the TEM image of a typical sample of Pd nanoplates, which had an 
average edge length of 24.5 ± 6.6 nm and thickness of 4.7 ± 0.4 nm. In this sample, I have 
both hexagonal (~70%) and triangular (~30 %) nanoplates. I used HRTEM to analyze the 
atomic structure of the Pd nanoplates. The individual hexagonal plate shown in Figure 2.1B 
was oriented along its [111]-zone axis, as evident by the hexagonal geometry and packing 
of atoms as highlighted in the inset. To determine the thickness and further analyze the 
crystal structure of the Pd nanoplates, I drop-casted their suspension on a copper TEM grid 
coated with lacey carbon. I was able to locate individual nanoplates oriented with the edges 
and {111} facets perpendicular and parallel to the electron beam, respectively. This 
allowed us to perform HRTEM imaging of atomic columns along the lateral direction of 
an individual nanoplate (see Figure 2.1C and the red-dashed line that partially highlights 
the stacking fault line). An enlarged view of the HRTEM can be found in Figure 2.2 of the 
supporting information. From the HRTEM image, we were able to obtain a d-spacing of 
around 2.25 Å for the (111) planes, a value consistent with the JCPDS datum of 2.24 Å. 
We also performed an XRD analysis of the Pd nanoplates. Most notably, the (111) peak at 
2θ = 40.2° is predominantly stronger than the (200) peak at 2θ = 46.7° and the (220) peak 
at 2θ = 68.3° (even considering the structure factors), suggesting that most of the 
nanoplates were oriented such that their large flat {111} faces were parallel to the surface 
of the sample stage. This result also suggests that our sample was high in purity. From the 
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XRD pattern we obtained a value of 2.24 Å for d111, which is consistent with the 
aforementioned JCPDS value. 
 
Figure 2.1. (A) TEM image of a typical sample of Pd nanoplates prepared using the 
standard protocol. (B, C) HRTEM images of an individual nanoplate imaged from (B) the 
top surface with an orientation along its [111]-zone axis (inset: a magnified view of the 
boxed region) and (C) the side surface with an orientation along its [110]-zone axis (inset: 
a magnified view of the atoms in the green box). The red-dashed lines partially mark the 
stacking-fault plane. (D) X-ray diffraction pattern of the Pd nanoplates, indicating that the 
nanoplates were crystallized in the fcc structure and they tended to lie flat, with (111) planes 






Figure 2.2. A blow-up view of Figure 1c to clearly reveal the stacking fault. 
 
The exact mechanism of nanoplate formation is still unknown and the underlying 
question is in the nucleation process involved in the formation of the seed. It has been 
suggested that the key factor for the formation of nanoplates is a relatively slow reduction 
rate for the generation of stacking faults during seed formation.[18] To test this hypothesis, 
I monitored the progress of the reaction using UV-vis spectroscopy and then compared the 
spectra to the product formed at different points during the synthesis. I set up a number of 
parallel reactions in the same oil bath and simultaneously started the timer (Note: all vials 
were firmly capped). One reaction vial was taken out from the oil bath at a specific time 
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point and immediately placed in an ice bath to quench the reduction. After removing the 
solid products by centrifugation, I analyzed the concentration of Pd(II) in the supernatant 
using UV-vis spectroscopy. As shown in Figure 2.3A, the intensity of the absorption peak 
associated with Pd(II) decreased with time, which can be attributed to the reduction by 
hydroxylamine for the generation of Pd nanoplates. By fitting the linear plot in Figure 2.3B, 
and using a conversion factor from minute to second, I obtained a rate constant of 𝑘 =
3.0 × 10−4 𝑠−1 for the reduction reaction. When combined with the initial concentration 
of PdCl4
2- in the reaction solution (1.2 mM by taking into account the dilution factor), I 
obtained an initial reduction rate of 𝑅0 = 3.6 × 10
−7𝑀 ∙ 𝑠−1. This value falls into the range 




Figure 2.3. (A) UV-vis spectra showing the change in absorbance for the Pd(II) ions over 
a course of 60 min. (B) Log-plot trending the concentration of the remaining Pd(II) 
precursor as the reaction proceeds.  
 
To analyze the evolution of the nanoplates, I imaged the nanocrystals formed at 15, 
30, 60, and 180 min of a synthesis using TEM. The formation of plate-like structures was 
evident even at the very beginning of a synthesis (Figure 2.4A), and their average edge 
length then increased from 4 to 10, 14, and 25 nm (Figure 2.4, B-D). Also, the size 
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distribution narrowed with reaction time, suggesting that Ostwald ripening played a role in 
the formation of the relatively large nanoplates. It is worth mentioning that the growth of 
nanoplates appeared to be preferentially along the lateral directions since the edge length 
increased from 4.2 nm to 25–30 nm, in contrast to the thickness that remained around 4.7 




Figure 2.4. TEM images of the products of a standard synthesis when the reduction was 
quenched after reacting for (A) 15, (B) 30, (C) 60, and (D) 180 min. 
 
Interestingly, when the reaction was performed in a single vial and aliquots were 
taken at different time points (note: the vial was constantly uncapped in this case), the 
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reaction kinetics was different and thus the products were also different. As shown in 
Figure 2.5A and B, the kinetics show a two-step reduction process where the initial 
reduction occurred very slowly and then suddenly accelerated after 60 min, which could 
be attributed to the accelerated reduction of metal precursor by auto-catalytic 
reduction.[12,19] As shown in Figure 2.5C-F, the Pd nanoplates exhibited a rounded 
profile, which promotes us to ask whether oxidative etching was occurring during the 
kinetic studies because of the constant exposure to air when extracting aliquots.  
I performed additional syntheses to explore the role of the dissolved gases on the 
final products. Four reaction vials were prepared including: i) an uncapped vial and thus 
constantly exposed to air, ii) a capped vial and thus not exposed to air, iii) a capped vial 
purged with pure nitrogen, and iv) a capped vial purged with pure oxygen. Note that the 
syntheses involving nitrogen and oxygen, experiments (iii) and (iv), were purged with the 
respective gases for 30 min. As shown in Figure 2.6, the morphology of the products under 
air, oxygen, and nitrogen environment did not differ significantly, which suggests that 
oxidative etching can be excluded as a cause for the rounding of the nanoplates. A plausible 
explanation for this observation should thus be attributed to N2O, the oxidation product of 
hydroxylamine. The formation of N2O gas was observed by Bengtsson-Kloo et al. when 
studying the oxidation of hydroxylamine by iron(III).[20-22] I posit that the process of 
opening the vial for the kinetic measurements may have relieved some of the pressure, 
allowing the N2O to escape from the reaction solution, which could have a certain role in 
controlling the shape of the Pd nanoplates. However, I have to point out that the extent of 





Figure 2.5. (A) UV-vis spectra tracking the change in absorbance for the Pd(II) precursor 
over a course of 120 min, during which the vial was uncapped to sample aliquots for UV-
vis and TEM analyses. (B) Plot trending the concentration of the remaining Pd(II) 
precursor as a function of reaction time. (C-F) TEM images of the solid products obtained 






Figure 2.6. TEM images of Pd nanoplates formed under different reaction conditions by 
varying the gases in the reaction vials: (A) no capping, (B) tightly capped, (C) nitrogen 
purging and then tightly capping, and (D) oxygen purging and then tightly capped.   
 
The reducing power of hydroxylamine strongly depends on pH,[21] and therefore, 
even slight changes to the pH are expected to impact the kinetics and correspondingly the 
shape and structure of the Pd products.[12] For this reason, I determined if the presence of 
CA would affect the outcome of a synthesis by performing a series of control experiments. 
When only using hydroxylamine in the reaction solution (i.e., in the absence of CA), the 
solution pH was 3.8 rather than 2.7, and I observed two populations of particles: Pd 
nanoplates with an average edge length of 15 ± 4 nm and relatively large (around 75 nm) 
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particles with unidentifiable internal defect structures, see Figure 2.7A. These results 
suggest that the change to pH could play a critical role in controlling the final product. It 
should be noted that CA could also serve as a capping agent since computational 
calculations have suggested that CA had a strong propensity to bind to Pd(111).[23] To 
corroborate if the acidic environment was, in fact, assisting the formation of plates, I 
changed CA to ascorbic acid, a compound commonly used solely as a reducing agent. As 
shown in Figure 2.7B, I obtained Pd nanoplates with an average edge length of 18 ± 1 nm. 
These results suggest that the acidic environment could slow down the reaction kinetics to 
favorably support the formation of nanoplates. Also, the slightly bigger size of the 
nanoplates also suggest a slower reduction, because less seeds would be formed at the 
beginning of reaction and thus bigger particles. However, similar to CA, ascorbic acid 
might be interacting with the surface of the Pd nanocrystals too,[23] and it could also be 




Figure 2.7 Control experiments where (A) CA was not added to reaction, (B) ascorbic acid 
was used instead of CA, and (D) only PVP was used in the absence of hydroxylamine. 
 
Despite the evident impact of hydroxylamine and the different acids had on the 
formation of Pd nanoplates, I are still uncertain about the exact reduction mechanism. The 
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PVP introduced as a colloidal stabilizer could also act as a reducing agent itself.[24] 
Therefore, I conducted the reaction in the absence of hydroxylamine. As shown in Figure 
2.7C, a mix of different Pd nanocrystals were formed with sizes around 14 ± 2 nm, but 
with clearly no control over the shape and internal twin structure. This result indicates that 
PVP does have reducing power, but it cannot be used solely as a reducing agent for the 
formation of Pd nanoplates in the experiments. As shown in the UV-vis spectra of Figure 
2.8, the introduction of PVP or CA did not cause significant changes to the absorption peak 
position of the Pd(II) complex, suggesting their negligible role in coordinating to Pd(II) 
ions relative to other ligands such as chloride and water. Taken together, I believe that PVP 
mainly served as a co-reductant and a colloidal stabilizer during the formation of the Pd 
nanoplates. 
 
Figure 2.8. Control experiment where aliquots of aqueous PVP and CA were sequentially 
added into an aqueous solution of Na2PdCl4. The spectra were recorded up to 20 min after 
the introduction of each solution. The drop in peak intensity could be attributed to the 
dilution effect. 
 
The method I developed for the synthesis of Pd nanoplates does not require organic 
solvents. It is also simple and robust, making it ideal to explore its scalability for high-
volume production. To date, there are no reports on the synthesis of Pd nanoplates using a 
continuous flow system. Here I successfully extended the synthesis to a continuous flow 
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reactor and obtained Pd nanoplates with quality compatible to those obtained in a batch 
reactor. Both the syntheses in batch and continuous flow reactors were conducted at a lower 
temperature of 80 °C than the standard protocol. As shown in Figure 2.9, Pd nanoplates 




Figure 2.9. TEM images of Pd nanoplates obtained in a batch reactor (vial) and a 
continuous flow system (PTFE tube), respectively. Note that the protocol was slightly 
modified to accommodate the continuous flow synthesis by reducing the temperature from 
100 to 80 °C. 
 
2.3 Conclusion 
I have demonstrated a robust synthesis of Pd nanoplates using hydroxylamine as 
the reducing agent. By characterizing the products obtained at different time points, I found 
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that the internal defect structure of the Pd nanoplates was formed at the early stage of a 
synthesis, which provided seeds with stacking-faults for the subsequent growth into highly 
anisotropic, planar, well-defined hexagonal nanoplates. It is reasonable to consider this 
synthesis a robust one because I found that rather drastic changes to the experimental 
parameters such as pH, temperature, and chemical environment did not significantly alter 
the nucleation process (e.g., formation of internal defect structure) and overall shape (e.g., 
hexagonal) of the final products. In addition, the protocol could even be adapted for use in 
a continuous flow reactor to scale up the production of high quality Pd nanoplates. Taken 
together, I strongly believe that this particular system can serve as a model reaction for 
future experiments with an aim to elucidate the mysterious mechanisms occurring during 
the homogeneous nucleation of both stacking-fault-lined structures and other unique defect 
containing nanocrystals. 
 
2.4 Experimental Section 
Chemicals. Sodium tetrachloropalladate(II) (Na2PdCl4, 99.99%, Acros Organics), 
hydroxylamine hydrochloride (NH2OH·HCl, 99% Sigma-Aldrich), poly(vinyl 
pyrrolidone) (PVP, MW≈55,000, Sigma-Aldrich), and citric acid (CA, 99.5%, Sigma-
Aldrich). De-ionized (DI) water with a resistivity of 18.2 MΩ·cm at room temperature was 
used throughout the experiments. 
Synthesis of Pd Nanoplates in a Batch Reactor. In a standard protocol, an aqueous 
solution containing 100 mg PVP, 50 µL of NH2OH·HCl (30 mM), and 1.0 mL of CA (100 
mM) was prepared to a total volume of 8.0 mL. Subsequently, 1.0 mL of an aqueous 
solution of Na2PdCl4 (12 mM) was added in one shot at room temperature under magnetic 
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stirring. The reaction was placed in an oil bath at 100 ºC and allowed to proceed for 3 h. 
The final product was collected by centrifugation using the Eppendorf Centrifuge 5430 at 
17,000 rpm for 20 min, and then re-dispersed in water. The final product was washed three 
times by repeating the centrifugation protocol. 
Synthesis of Pd Nanoplates in Continuous Flow. Similar to the standard protocol, an 
aqueous solution containing 100 mg PVP, 50 µL of NH2OH·HCl (30 mM), and 1.0 mL of 
CA (100 mM) was prepared to a total volume of 8.0 mL. Subsequently, 1.0 mL of an 
aqueous solution of Na2PdCl4 (12 mM) was added in one shot at room temperature under 
magnetic stirring. The prepared reaction solution was injected using a syringe pump (2 mL 
min-1) to a PVC tubing system preheated at 80 ºC (see references [24] and [25] for a visual 
description of the system, and the dimensions of the tubing). Once the reaction solution 
was completely injected in the tubing, it was allowed to proceed for 3 h. The final product 
was collected by injecting air to the PVC tubing and place in centrifugation vials for 
washing. I used the Eppendorf Centrifuge 5430 operated at 17,000 rpm for 20 min. The 
product was then re-dispersed in water and washed three times following the same 
parameters. 
Kinetic Studies. The reduction kinetics were determined by measuring the concentration 
of Pd(II) ions remaining in the reaction solution at different time points of a synthesis. Two 
methods were used to determine the kinetics: i) analyzing a number of identically prepared 
vials, and ii) analyzing aliquots sampled from a single vial. In the first method, a number 
of identically prepared reaction vials were placed simultaneously in the same oil bath. 
Then, one reaction vial was removed from the oil bath at a specific time point (e.g., 15, 30, 
60 min) and the reaction was quenched by placing the vial in an ice bath. Aliquots of 0.2 
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mL were taken from the quenched reaction solution and injected into 0.8 mL of aqueous 
KBr (500 mg/mL). In the second method, aliquots of 0.2 mL were taken from a single vial 
(note: the vial was frequently uncapped in this case) and injected into 0.8 mL of cold KBr 
solution (500 mg/mL) to quench the reaction. Because of the high concentration of bromide 
ions, the unreacted Pd(II) ions quickly undergo ligand exchange to generate the complex 
of PdBr4
2– for UV-vis analysis.[12] The aliquot obtained from both methods were 
centrifuged at 55,000 rpm for 30 min to remove all the Pd nanoparticles, and the 
supernatants were used to measure the concentrations of PdBr4
2– ions by UV–vis 
spectroscopy. The measured absorbance at 332 nm and a calibration curve (see reference 
[12] for the procedure) were used to determine the concentrations of the remaining Pd(II) 
ions at different reaction times. Each data point represents two repeated measurements. 
Characterization. Samples were characterized using a transmission electron microscope 
(Hitachi HT7700) operated at 120 kV. High-resolution transmission electron microscopy 
(HRTEM) was performed on an aberration-corrected FEI Titan S 80-300 STEM/TEM 
microscope equipped with a Gatan OneView camera at an acceleration voltage of 300 kV. 
All samples for HRTEM were prepared by drop casting 8 µL of the as-prepared aqueous 
dispersions of Pd nanoplates on lacey carbon-coated copper grids. The X-ray diffraction 
(XRD) analysis was performed using the Empyrean PANalytical system with an K-Alpha1 
radiation source of wavelength 1.54 Å, operated at 45 kV. The sample was prepared by 
drop casting the washed aqueous suspension of Pd nanoplates onto a silica wafer and then 
dried at room temperature overnight. The data was analyzed using Origin software, a 
background subtraction was performed to present the XRD data in this report. The analysis 
of the reduction kinetics was performed using an UV-vis spectrophotometer (Cary 60, 
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Agilent Technology) in the spectral region of 200−800 nm. The pH measurements were 
performed using a Fisher Scientific Accumet Basic AB15 pH meter. 
 
2.5 Notes to Chapter 2 
This chapter was adapted from “Facile, Robust, Scalable Synthesis of Pd Nanoplates with 
Hydroxylamine as a Reducing Agent and the Mechanistic Insights from Kinetic Analysis” 
submitted to the Journal of Materials Chemistry C. [26] 
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SYNTHESIS OF PALLADIUM NANOSCALE OCTAHEDRA THROUGH A 
ONE-POT, DUAL-REDUCTANT ROUTE AND  
THE KINETIC ANALYSIS 
 
3.1 Introduction 
Noble-metal nanocrystals are central to a wide variety of applications ranging from 
photonics to catalysis, energy harvesting/conversion, and medicine.[1-9] An excellent 
example can be found in Pd nanocrystals, which are currently used in the catalytic 
converters to assist the conversion of hazardous gases such as CO and NO into less harmful 
products such as CO2 and N2.[10-11] They are also used for catalyzing a myriad of organic 
reactions, including those involved in hydrogenation, dehydrogenation, carbon-carbon 
bonding formation (e.g., Heck/Suzuki coupling), and petroleum cracking, as well as for the 
next-generation hydrogen storage and sensing devices.[12-16] 
It is well-known that reducing the size of a metal to the nanoscale can significantly 
alter its properties and even generate new features.[17,18] In a bulk crystal, the relative 
contribution of surface atoms is minimal, but when shrunk to the nanoscale, the surface-
to-volume ratio increases so drastically that the participation of surface atoms becomes 
dominant and invaluable.[17,18] However, simply reducing the size of a metal to the 
nanoscale may not be the most efficient way to tailor its properties. Experimental and 
theoretical studies have established that the shape of a nanocrystal can greatly affect its 
electronic, optical, mechanical, and magnetic properties.[19-22] For example, Liu and 
coworkers demonstrated that Pd octahedra enclosed by {111} facets were more efficient 
than Pd cubes enclosed by {100} facets for the aerobic oxidation of 5-hydroxymethyl-2-
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furfural.[23] In another example, Guo and coworkers discovered that Pd nanocrystals 
covered by {111} facets were active toward the oxidative coupling of CO to dimethyl 
oxalate, while those encased by {100} facets were largely inactive for the same 
reaction.[24] These and many other examples clearly demonstrate the unique correlation 
between the properties of nanocrystals and their shapes.[23-25] 
Wet-chemical methods for generating nanocrystals with controlled shapes have 
traditionally involved the reduction of a metal precursor by a single reductant in the 
presence of a capping agent and/or colloidal stabilizer.[26,27] For Pd, Huang and 
coworkers developed a one-pot method for the seedless growth of nanosheets, concave 
tetrahedra, and tetrahedra by leveraging on a unique combination of reductant and 
water.[28-30] Similarly, Zou and coworkers were able to generate nanorods without 
involving pre-formed seeds by using ascorbic acid as a reductant in the presence of two 
different capping agents.[28-30] Despite the remarkable progress in synthesizing Pd 
nanocrystals with different shapes, it remains a challenge to produce Pd octahedral 
nanocrystals using a one-pot approach. In an early study, Xia group demonstrated the 
synthesis of Pd octahedra in one pot by reducing a Pd(II) precursor with PVP, and a similar 
approach was also reported by Zhao and coworkers.[31,32] As one of the major problems, 
a relatively long reaction times (up to 26 h) had to be used and both studies only reported 
octahedra with edge lengths in the range of 20−23 nm. Also, in both syntheses, the 
nucleation and growth processes tended to be mixed in the same reaction solution, making 
it difficult to separately optimize the reduction kinetics necessary for controlling nucleation 
and for directing the shape evolution during a growth process.  
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To minimize the variations and, at the same time, avoid the complicated nucleation 
step, many groups have adopted the seed-mediated approach.[33-36] In this route, atoms 
are deposited onto the surface of pre-formed seeds under specific experimental conditions 
to promote the formation of a particular shape. Although seed-mediated growth allows for 
a good control over the nanocrystal shape, it has several intrinsic limitations. From the 
perspective of experimental design, seed-mediated growth requires at least two steps: i) 
preparation and purification of seeds and ii) growth of the seeds into nanocrystals, followed 
by further purification. The throughputs of most seed-mediated syntheses are limited to ca. 
1−2 mg per batch, which is barely enough for extensive characterization, and far from the 
amount necessary for industrial use. In addition, the resultant nanocrystals are always 
larger than the seeds, making it impractical to obtain nanocrystals smaller than the seeds. 
Taken together, it would be advantageous to have a simple method that can tightly control 
both the nucleation and growth processes in a one-pot setting.  
To address the aforementioned issues associated with seed-mediated growth, 
several groups have explored the concept of co-reductants in a one-pot setting.[37,38] To 
this end, Han and coworkers reported the use of ascorbic acid and hydrazine as co-
reductants to synthesize trimetallic core-shell nanoparticles. In this work, they suggested 
that the metal-ligand complexes, together with the co-reductants, played an important role 
in controlling the formation of well-defined trimetallic structures.[37] However, the 
complicated reduction kinetics involving different metal precursors and reductants imposes 
a challenge to elucidate the formation mechanism of the nanocrystals. 
Herein, I report a one-pot approach to the synthesis of Pd octahedra by introducing 
both strong and weak reductants in proper proportions to manipulate the temporal profile 
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of reduction. My central hypothesis is that the strong reductant can take care of the initial 
nucleation process to generate single-crystal seeds, while the weak reductant will provide 
the slow reduction necessary for the growth of the single-crystal seeds into octahedra. 
Figure 3.1 shows a schematic of the concept. In essence, I aim to produce Pd octahedra 
using judicially selected dual reductants to ensure optimal reduction kinetics for both the 
nucleation and growth processes in a one-pot setting. I illustrate this concept using a 
number of different combinations of strong and weak reductants to achieve the production 
of Pd octahedra in high yields. 
 
 
Figure 3.1. Schematic illustration of the two major steps involved in a dual-reductant 
approach: i) quick reduction of a Pd(II) precursor by the strong reductant for the production 
of Pd atoms that undergo nucleation to produce the seeds, and ii) slow reduction of the 
same precursor by the weak reductant to generate Pd atoms for their deposition onto the 
seeds. 
 
3.2 Results and Discussion 
I decide to use a metal precursor based on tetrachloropalladate (PdCl4
2-) because it 
has been extensively explored in literature for the synthesis of Pd nanocrystals with a broad 
range of shapes and sizes.[39,40] More importantly, this precursor has also been used for 
the elucidation of reduction pathways and reaction kinetics in both aqueous and polyol 
media.[41-44] In addition, the PdCl4
2-
  complex has a well-known complexation chemistry 
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with solvent molecules such as water and other ligands, and it is feasible to quantitatively 
measure the concentrations of these complexes using ultraviolet-visible (UV/vis) 
spectroscopy.[41-45] I rely on the use of citric acid (CA) as both a weak reductant and a 
capping agent to promote the formation and stabilization of Pd(111) surface.[46,47] As for 
the strong reductant, I concentrate on ascorbic acid (HAsc), sodium ascorbate (NaAsc), 
hydroquinone (HQ), and ethanol (EtOH). All of them have been successively applied to 
the syntheses of Pd nanocrystals.[48-50] Sodium citrate is also a possible choice for the 
strong redundant, but I cannot use it in the present work because of the involvement of its 
conjugate acid, CA, in all the protocols. The built-in equilibrium between these two species 
makes it very challenging to separately adjust their concentrations.  
It was recently reported that the production of single-crystal, multiply twinned, and 
stacking-fault-lined seeds could be controlled by tuning the initial reduction rate of a Pd(II) 
precursor from fast to moderate and slow.[41-45] With these results in mind, my strategy 
is to introduce a strong reductant in a limited quantity so that a fixed number of single-
crystal seeds will be generated at the initial stage of a synthesis. Once the seeds have been 
formed and the strong reductant has been depleted, the remaining precursor will be reduced 
by the weak reductant to ensure the necessary growth kinetics for the formation of Pd 
octahedra. In a typical synthesis, I pre-heated an aqueous solution containing a strong 
reductant (e.g., HAsc), a weak reductant (e.g., CA), and a colloidal stabilizer such as 
poly(vinyl pyrrolidone) (PVP). After 10 min of pre-heating, a specific amount of aqueous 
Na2PdCl4 is added into the reaction mixture by a one-shot injection. The reaction is allowed 




Table 3.1. Summary of experimental conditions for the synthesis of Pd octahedra through 














1 1.0 mL (5 mM HAsc) 400 65 1.0 mL (68 
mM) 
6 80 
2 1.0 mL (5 mM 
NaAsc) 
400 65 1.0 mL (68 
mM) 
6 80 
3 0.1 mL (30 mM HQ) 100 100 1.0 mL (12 
mM) 
13 100 
4 3 mL EtOH (200 
proof) 




As shown in Figure 3.2, Pd octahedra were indeed formed in high purity using each 
one of the strong-weak pairs. When using HAsc-CA, NaAsc-CA, HQ-CA, and EtOH-CA 
pairs, the resultant Pd octahedra had average edge lengths around 9, 8, 12, and 6 nm, 
respectively. In the current setting, the throughputs of the syntheses involving HAsc, 
NaAsc, and HQ were comparable to the typical synthesis involving seed-mediated growth 
(1−2 mg of Pd metal), while the throughput of the EtOH-based system was about nine 
times as high as (ca. 18 mg of Pd metal). Since the nucleation and growth steps are 
separated from each other, it should be much easier to increase the throughput of a dual-





Figure 3.2. TEM images of Pd octahedra synthesized using four different pairs of strong 
and weak reductants, including (A) ascorbic acid and citric acid (HAsc + CA); (B) sodium 
ascorbate and citric acid (NaAsc + CA); (C) hydroquinone and citric acid (HQ + CA); and 
(D) ethanol and citric acid (EtOH + CA).  
 
As stated in my hypothesis, I believed the strong reductant was responsible for the 
formation of single-crystal seeds. To further corroborate the internal defect structure of the 
seeds, I used high-angle annular dark-field scanning TEM (HAADF-STEM) to analyze the 
products at 10 min and 3 h into the synthesis. Figure 3.3 shows the data for the HAsc-CA 
pair while a detailed analysis of the Pd seeds involved in all other combinations of 




Figure 3.3. HAADF-STEM images showing the Pd nanocrystals generated using the HAsc 
+ CA system: (A) Pd seeds formed after 10 min into the synthesis (scale bar: 10 nm); (B) 
an individual Pd seed from (A), as marked by the red box, at a higher magnification (scale 
bar: 2 nm); (C) octahedral nanocrystals formed after 3 h into the synthesis (scale bar: 20 
nm); and (D) an individual Pd octahedron in (C), as marked by the blue box, oriented along 
its [110]-zone axis (scale bar: 5 nm). The particle shown in (D) was slightly rotated 
clockwise relative to the particle boxed in (C). The green box in (B) shows an incomplete 
layer formed along the <111> direction. The blue dots in (D) mark the positions of the 
atoms to demonstrate that the octahedron was oriented along the [101] direction. 
 
As shown by the low magnification image in Figure 3.3A, Pd nanocrystals with a 
more or less spherical shape were formed in the early stage of the synthesis. I further 
examined an individual Pd seed, as highlighted in the red box, to gain a more detailed 
understanding of the structure (Figure 3.3B). A single-crystal lattice is observed in the 
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STEM image. Interestingly, the HAADF-STEM image also suggested that the formation 
of the {111} facets followed the Frank-van der Merwe or layer-by-layer growth mode, as 
highlighted by the green box in Figure 3.3B. This image not only offers experimental 
evidence as to how the Pd octahedra were formed in my syntheses but also supports the 
aforementioned argument in terms of growth mode for the formation of octahedra. 
Figure 3.3C show a STEM image of the final product obtained at 3 h into the 
synthesis. I further analyze a single nanocrystal as highlighted in the blue box. The Pd 
octahedron in Figure 3.3D was oriented along the [101] direction, allowing for the 
calculation of the d-spacing for both (111) and (100) planes. By averaging more than 10 
lattices spacing (Figure 3.5A), I found that the d(111) and d(100) values were 2.22 Å and 1.91 
Å, respectively. To further validate these results, I recorded XRD patterns from both the 
seeds and octahedra (Figure 3.5B) and obtained consistent values for the d(111) and d(200) 





Figure 3.4. TEM and HAADF-STEM images showing Pd seeds formed after 10 min into 
the syntheses that involve: (A, B) sodium ascorbate, (C, D) hydroquinone, and (E, F) 
ethanol, respectively, with citric acid serving as a weak reductant. The scale bars are 20 





Figure 3.5. Measurements of the d-spacing for Pd octahedra obtained using HAsc + CA 
pair. (A) High-magnification HAADF-STEM image of a Pd octahedron oriented along the 
[101] zone axis. The green dots and lines represent atoms and planes respectively, along 
the [111] direction. The blue dots and lines represent atoms and planes respectively, along 
the [100] direction. (B) X-ray diffraction pattern of the Pd seeds (red) and the final 
octahedra (black). 
 
I was curious to know if both reductants were needed to form the Pd octahedra. For 
this reason, I attempted the synthesis using each one of the individual reductants and then 
compared the results with the dual-reductant approach. For consistency, I selected the 
HAsc-CA system as a case study and summarized the results in Figure 3.6. In simple terms, 
I performed control experiments with the use of: i) HAsc as a single reductant at a 
concentration of 5 mM, ii) CA as a single reductant at a concentration of 400 mM, and iii) 
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a combination of HAsc (5 mM) and CA (400 mM). I monitored the progress of each 
synthesis using UV/vis spectroscopy and imaged the products by TEM. When HAsc was 
used as the sole reductant (case i, Figure 3.6A), the UV/vis spectra showed continuous 
decrease in peak intensity with the reaction time. The change started to occur within the 
first few minutes of the synthesis and it could be attributed to the reduction of Pd(II) by 
HAsc. However, 1.6 h after the reaction had been initiated, there was no longer any major 
change to the absorbance of the solution, suggesting the termination of reduction. This 
result was kind of expected because of the depletion of HAsc that was used at a relatively 
low concentration. Figure 3.6B shows TEM image of the Pd nanocrystals formed in the 
presence of HAsc only, which displayed neither shape nor size control for this synthesis. 
Figure 3.6, C and D, shows the results for CA when it was used as a sole reductant. The 
UV/vis spectra showed no significant changes even over a course of 6 h, confirming that 
the reduction power of CA is significantly weaker than HAsc. The Pd nanocrystals 
exhibited a spherical shape. Remarkably, when HAsc and CA were used simultaneously, 
the reaction reached completion after about 3 h (Figures 3.6E) and Pd octahedra were 
obtained (Figure 3.6F). These results strongly suggest that the simultaneous use of both 
strong and weak reductants is necessary for the formation of Pd octahedra. Figure 3.7 
further supports this argument by demonstrating the missing of shape and size controls 
over the Pd nanocrystals when the rest of the strong reductants, NaAsc, HQ, and EtOH, 




Figure 3.6. (A) UV/vis spectra tracking the changes in absorbance for the Pd(II) precursor 
over the course of 100 min when HAsc was used as the sole reductant and (B) the 
corresponding products of polydispersed Pd nanoparticles with no shape control (scale bar: 
25 nm). (C) UV/vis spectra showing the changes in absorbance over the course of 350 min 
when CA was used as the sole reductant and (D) the corresponding products of Pd 
nanoparticles with moderately good uniformity but with no shape control (scale bar: 100 
nm). (E) UV/vis spectra showing a large drop in absorbance over the course of 200 min 
when HAsc and CA were used simultaneously and (F) the corresponding products of Pd 





Figure 3.7. TEM images of Pd nanocrystals obtained when (A) NaAsc, (B) HQ, and (C) 
EtOH were used alone as the reductant in absence of citric acid. The scale bars are 100 nm 




It should be pointed out that “strong” and “weak” are relative terms. These 
descriptions become relevant when the reductants under comparison show different 
tendencies toward the reduction of a metal precursor. With this in mind, I wanted to 
quantitatively validate that one reductant was acting more strongly than the other one. To 
do so, I performed kinetic measurements on the individual reductants under similar 
conditions and measured their reduction rate constants to compare their relative reducing 
powers at three different temperatures (50, 60, 70 ºC). The raw data presented in Figure 
3.8 and 3.9, and Table 3.2, were analyzed in the form of Arrhenius log plot, which was 
obtained by taking the natural logarithm of the Arrhenius equation: 
     𝑘 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇⁄      (1) 
where k is the reduction rate constant, A is a pre-factor sometimes referred to as the 
collision frequency factor, Ea is the activation energy of the reaction, R is the gas constant, 
and T is the temperature in Kelvin.  
 
Figure 3.8. (A) UV/vis spectra of PdBr4
2– stock solutions prepared with different 
concentrations. (B) Plot showing the linear dependence between the absorbance at 332 nm 
and the concentration of [PdBr4]
2–. This calibration curve was used to determine the 





Figure 3.9. UV/vis spectra showing the change in absorbance due to the reduction of Pd(II) 
ions by HAsc (left-side panels), and the log-plot showing the concentration of the 
remaining Pd(II) precursor as a function of time (right-side panels) recorded at (A and B) 





Table 3.2. Kinetic parameters for each of the strong reductants. 
Reductant Temp (°C) ln[𝑃𝑑𝐶𝑙4]
2− = 𝑚𝑡 + 𝑏 𝑅2 
Sodium 
L-Ascorbate 
50 −0.275𝑡 − 0.8882 0.9357 
60 −0.707𝑡 − 0.8206 0.9397 
70 −0.415𝑡 − 0.9708 0.9625 
Hydroquinone 50 −0.016𝑡 − 0.9954 0.9785 
60 −0.029𝑡 − 0.9954 0.9277 
70 −0.142𝑡 − 0.9138 0.9442 
Ethanol 50 −0.005𝑡 + 4.9734 0.9933 
60 −0.011𝑡 + 5.2894 0.9903 
70 −0.029𝑡 + 5.866 0.9594 
 
As shown in Figure 3.10 and Table 3.3, NaAsc, HAsc, and HQ exhibited similar 
behavior toward the reduction of Na2PdCl4, while EtOH presented significantly smaller k 
values at all the temperatures. These results are consistent with what was observed in the 
dual-reductant approach: an excess amount of EtOH was needed in order to obtain Pd 
octahedra. In the case of CA, the reduction kinetics was extremely slow at all the tested 
temperatures. As shown in Figure 3.11, there was essentially no change to the 
concentration of the metal precursor even after 25 h of reaction, suggesting that CA was 
indeed the weakest reducing agent. I also did a control experiment with surfactant PVP, to 
evaluate possible complexation with metal precursor. However, I did not see change in the 






Figure 3.10. (A) Arrhenius log-plot showing the correlation between the rate constant and 
the reaction temperature. (B) Bar graphs comparing the activation energies and changes in 









Table 3.3. The reduction rate constants and initial reduction rates for the strong reductants. 





50 7.3 × 10
-3
 
60 1.1 × 10
-2
 
70 1.9 × 10
-2
 
Ascorbic Acid 50 3.3 × 10
-3
 
60 5.9 × 10
-3
 
70 2.8 × 10
-2
 
Hydroquinone 50 5.2 × 10
-3
 
60 9.6 × 10
-3
 
70 4.73 × 10
-2
 
Ethanol 50 2.2 × 10
-7
 
60 2.4 × 10
-6
 




Useful information can be obtained from the aforementioned Arrhenius plot. By 
taking the slope and intercept of the line, I derived the activation energy and pre-factor for 
the individual reduction reaction, see the bar graph in Figure 3.10. As presented in the plot, 
Ea increased in the order of NaAsc, HAsc, HQ, and EtOH, suggesting that the electron 
transfer between the reductant molecules and metal ions is energetically much less 
expensive for NaAsc than for EtOH. It is worth mentioning that in the area of nanocrystal 
syntheses, the Ea of reaction has not been widely reported. A recent report showed that the 
Ea for the reduction of K2PdBr4 by HAsc varies from 43.4 to 131.1 kJ/mol depending on 
the exact reaction pathway (surface reduction vs. solution reduction).[42] For the reduction 




Figure 3.11. UV/vis spectra of a reaction solution containing CA only as the reductant at 




Figure 3.12. UV/vis spectra of a solution containing Na2PdCl4 (0.35 mg/mL) and PVP (10 
mg/mL). The UV/vis spectra were recorded over a period of 1 h to demonstrate the stability 
of the Pd(II) precursor in a PVP solution. The absorbance peak at 418 nm suggested the 




The Arrhenius plot shows a noteworthy trend for the intercept values of the lines. 
The intercepts correspond to the natural logarithm of the pre-factor, A, in the Arrhenius 
equation (1). In absolute rate theory, the pre-factor is related by equation (2) to the 
difference in entropy from the initial state to the transition state of a given chemical 
reaction. This change in entropy is known as the activation entropy (∆Sa).[53,54] 
     ∆𝑆𝑎 ∝ ln 𝐴     (2) 
The proportionality between ∆Sa and A depends on various factors among them is 
the type of reaction (e.g., unimolecular, bimolecular, etc.) and the translational, vibrational, 
and rotational partition functions that describe the state of the system.[53,54] Even though 
my system is far from simple to be accurately described by the transition state theory, 
equations (2) offers an interesting perspective about the energetics of the individual 
reduction reaction. Whereas the activation energy is a temperature dependent term, the pre-
factor also plays an important role in determining the overall rate. I can see that the 
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intercept differs significantly from one reductant to another, increasing in the order of 
NaAsc, HAsc, HQ, and EtOH. Interestingly, I also visually observed that the reduction 
involving EtOH and HQ were the fastest reaction because it exhibited the fastest color 
change upon the introduction of the Pd(II) precursor (the reaction solution changed from 
light yellow to dark brown within 3 and 5 s!). By equation (2), I can suggest that these 
reduction reactions involved significant differences in terms of change in activation 
entropy, with EtOH showing the biggest change. I believe that all terms involved in the 
Arrhenius equation play an important role in determining the rate of a chemical reaction. 
These terms can potentially help us elucidate the reaction pathway (surface vs. solution), 
as well as the nanocrystal growth mode. Recently, I discovered that the activation energy 
to autocatalytic surface reduction was dependent on a number of factors, including the twin 
boundaries and the type of facet, and ultimately controls the growth pattern and final shape 
of the products.[44] However, the exact role of the pre-factor in describing the pathway or 
outcome of a synthesis is yet to be explored.  
Based on the dual-reductant concept and the importance of relative reduction 
powers, I was also interested to see if this strategy could be extended to other strong-weak 
pairs. To this end, I substituted CA with formic acid (FA), another relatively weak 
reductant that has been previously used in the seed-mediated growth of Pd octahedra.[34] 
When FA was paired with one of the strong reductants such as HAsc, I indeed obtained Pd 
octahedra of 6 nm in edge length, see Figure 3.13A. As shown in Figure 3.13B, I also 
obtained Pd octahedra of 12 nm in edge length when FA was paired with another strong 





Figure 3.13. TEM images of Pd nanocrystals synthesized through a dual-reductant 
approach that utilizes formic acid (FA) as a weak reductant: (A) the pair of ascorbic and 
formic acids (HAsc + FA) that gave Pd octahedra (scale bar: 20 nm), and (B) the pair of 
sodium borohydride and formic acid (NaBH4 + FA) that also gave Pd octahedra (scale bar: 
10 nm). 
 
The data presented above encourages the development of new one-pot approaches 
to the synthesis of metal nanocrystals with controlled shapes. However, extensive work 
remains to be done to elucidate the mechanisms of the dual-reductant approach. The 
reduction mechanism of sole reductants will be altered when several reductants are present 
simultaneously within the same reaction system. Therefore, in-depth kinetic studies should 
be conducted in the future to gain a quantitative understanding of the system, and to 
optimize experimental parameters to reduce the amount of multiple twinned particles. 
Moreover, given the complexity of the system, the redox reactions between the metal 
precursor and both reducing agents could exhibit second, third or even higher order 
kinetics, which invalidates commonly used approximations such as the pseudo-first order 
approximation. Therefore, additional studies and more complex data analysis methods 
(e.g., the Finke-Watzky mechanism)[42,55,56] should be developed and/or employed to 
accurately determine the kinetic and thermodynamic parameters. In some cases, UV/vis 
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cannot be used alone to track the concentration of a given metal precursor, so inductively-




In summary, I have validated a strategy for effectively separating the growth of 
nanocrystals from the nucleation step in a one-pot setting. I intentionally introduced two 
reductants with very different reducing powers to regulate both the production of seeds, 
and the necessary growth to produce Pd octahedra. The strong reductant was used to control 
the initial reduction and nucleation to form single-crystal seeds, while the weak reductant 
was used for both the slow reduction of unreacted precursor and the stabilization of the 
resultant {111} facets. To illustrate the generality of this approach, I selected four pairs of 
strong-weak reducing agents and demonstrated that Pd octahedra could be obtained in good 
quality for all cases. In contrast, when each of the selected reducing agents was used 
individually, the products were polydispersed in terms of both size and shape. In all, I 
expect that this strategy can be expanded to other systems that include metals other than 
Pd. I hope that this method not only opens the door to new and interesting syntheses, but 
also enriches the growing understanding regarding the fundamental nucleation and growth 
processes. 
 
3.4 Experimental Section 
Materials and Methods. All chemicals were obtained commercially and were used 
without further purification. Sodium tetrachloropalladate(II) (Na2PdCl4, 99.998%, Acros 
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Organics), poly(vinyl pyrrolidone) (PVP, MW≈55,000, Sigma-Aldrich), ascorbic acid 
(HAsc, 99%, Sigma), ethanol (EtOH, 200 proof, Koptec), hydroquinone (HQ, 99%, Sigma-
Aldrich), sodium ascorbate (NaAsc, 98%, Sigma-Aldrich), and citric acid (CA, 99.5%, 
Sigma-Aldrich). All aqueous solutions were prepared using de-ionized (DI) water with a 
resistivity of 18.2 MΩ cm at room temperature. All the samples were characterized using 
transmission electron microscopes Hitachi HT7700 operated at 120 kV and Hitachi 
HD2700 operated at 200kV. The quantitative analysis of reduction kinetics was performed 
using an ultraviolet-visible spectrophotometer (UV-vis) (Cary 60, Agilent Technology) in 
the spectral region 200-800 nm. The metal content of the samples was determined using an 
inductively coupled plasma–mass spectrometer (ICP-MS, NexION 300Q, PerkinElmer). 
Syntheses of Pd Octahedra. I used four protocols to synthesize Pd octahedra using four 
pairs of strong and weak reducing agents. For details regarding concentration of reagents 
and specific experimental conditions, refer to Table 3.1. In a standard protocol, an aqueous 
solution containing PVP, a strong reducing agent (HAsc, NaAsc, HQ, or EtOH) and CA 
was prepared and preheated at a given temperature under magnetic stirring. After 10 min, 
an aqueous solution of Na2PdCl4 was added. The reaction was allowed to proceed for 3 h. 
The final product was collected by centrifugation and re-disperse in water. Final product 
was washed three times. 
Reduction Kinetics. The reaction kinetics and rate constants for each reducing agent were 
determined by measuring the concentration of PdCl4
2– ions at different time points in the 
reaction solution through UV–vis spectroscopy. An 8 mL aqueous solution containing 100 
mg PVP and a strong reducing agent (around 30 mM for HAsc, NaAsc, HQ, CA, and 4 M 
for EtOH) was prepared and mixed using magnetic stirring at a specific temperature (50, 
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60, or 70 °C) for 10 min. Simultaneously, 2 mL aqueous solution containing 1 mg of 
Na2PdCl4 was prepared and added by one-shot injection to the preheated solution. The 
timer started running after complete addition of precursor solution. Aliquots of 0.2 mL 
were taken from the reaction solution at different time points (0.5, 1.0, 2.0, 3.0 min, etc.) 
and immediately injected into 0.8 mL of aqueous KBr (500 mg/mL) to quench the 
reduction. Due to the high concentration of bromide ions the PdCl4
2– ions remaining in 
solution undergo ligand exchange to form the UV-Vis active complex PdBr4
2–. The aliquot 
solutions were centrifuged at 17,500 rpm for 60 min to separate all the Pd nanoparticles 
formed, and use the supernatant to measure the concentration of PdBr4
2– ions by UV–vis 
spectroscopy. The measured absorbance of PdBr4
2– at 332 nm and a calibration curve were 
used to calculate the time-dependent concentration of PdBr4
2– ions. 
 
3.5 Notes to Chapter 3 
This chapter was adapted from “Synthesis of Pd Nanoscale Octahedra Through a One-Pot, 
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SEED-MEDIATED GROWTH OF COLLOIDAL METAL NANOCRYSTALS: 




Noble-metal nanocrystals have found widespread use in applications ranging from 
catalysis to photonics, sensing, imaging, and biomedical research.[1-3] In particular, Pd 
and Pt nanoparticles can serve as excellent catalysts for many industrially important or 
environmentally relevant reactions. Notable examples include the production of 
pharmaceutical compounds, the oxidation of fuels as well as reduction of oxygen in proton-
exchange membrane fuel cells (PEMFCs), and the oxidation of harmful gases like carbon 
monoxide produced by the partial combustion of carbon-containing fuels.[4-6] Most of the 
catalysts currently used in the industry are based on nanoparticles with poorly defined 
shapes with a broad size distribution. Extensive studies, both experimental and theoretical, 
have demonstrated that the performance of such catalysts can be greatly enhanced by 
tuning the size, chemical composition, structure, and shape of the nanoparticles 
involved.[7-9] The use of catalysts based on nanocrystals with well-controlled shapes and 
uniform sizes will greatly improve the catalytic performance while significantly reducing 
the amount of materials needed. This strategy not only lowers the cost of a product but also 
offers a solution to achieving the highest possible utilization efficiency of the scarcest 
metals in the Earth’s crust. 
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Seed-mediated growth is an attractive approach to the synthesis of nanocrystals 
with well-defined shapes and/or structures because it can circumvent the complicated and 
poorly controlled initial nucleation step.[10-11] This approach is particularly powerful for 
the synthesis of octahedral and core-shell nanocrystals. As reported in literature, a typical 
synthesis of Pd octahedra relies on the use of Pd nanocubes as seeds for the heterogeneous 
nucleation of the newly formed Pd atoms and thus the formation of octahedra (Figure 4.1). 
Specifically, an aqueous suspension containing Pd nanocubes (seeds), formaldehyde 
(HCHO, reducing agent), and poly(vinyl pyrrolidone) (PVP, a colloidal stabilizer), is pre-
heated in an oil bath, followed by the injection of a solution containing Na2PdCl4 (a 
precursor to Pd atoms). Upon the injection of the salt precursor, the concentration of Pd 
atoms will quickly increase due to the reduction of PdCl4
2- by HCHO. As illustrated in 
Figure 4.1 the newly formed Pd atoms will be deposited onto the {100} facets of a cubic 
seed, forcing it to gradually evolve into an octahedron enclosed by {111} facets.[12,13] A 
slightly modified approach can be applied to conformally coat the surface of Pd octahedra 
to generate Pd@Pt3-4L (L: atomic layers) octahedra with enhanced catalytic activity toward 
the oxygen reduction reaction (ORR).[14-18] 
 
Figure 4.1. Illustration of the seed-mediated growth of a Pd cube into a Pd octahedron. 
The Pd atoms derived from PdCl4
2- are preferentially deposited on the {100} facets of the 
Pd cube, which eventually evolves into an octahedron. 
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Despite the efforts reported in literature, it is still challenging to apply the Pd 
octahedra and Pd@PtnL core-shell octahedra to industrial evaluation due to the limited 
quantity of sample produced. For example, it takes about 6–7 h to produce ca. 2 mg of Pd 
octahedra in each batch of synthesis.[19-20] This amount is barely enough for initial bench 
testing and characterization, and is insufficient for a pilot study, which is the very first step 
toward any industrial use. When attempting to scale up the synthesis, I encountered issues 
such as loss of uniformity and control over both size and shape. This occurs because the 
formation of nanocrystals is extremely sensitive to experimental conditions, such as the 
concentrations of reagents, reaction temperature, and reaction volume, among others. 
When the volumes or concentrations of reagents are scaled up in a synthesis, issues such 
as the spatial heterogeneity of temperature and chemical composition will be altered, 
negatively impacting the formation of nanocrystals with uniform and well-defined size, 
shape, and composition.[21] Alternative methods have been developed to address these 
issues. For example, continuous flow and droplet reactors have been demonstrated as 
practical platforms for the scalable synthesis of metal nanocrystals.[19,20] These 
techniques have enabled the production of shape-controlled nanocrystals typically on a 
scale of 1–10 g per hour via continuous operation. Nevertheless, the successful operation 
of these new techniques still requires optimization of the reagents needed for the formation 
of the nanocrystals. 
For the synthesis of Pd octahedra, both the batch and continuous-flow methods rely 
on the same approach to grow Pd cubic seeds into octahedra through the reduction of a Pd 
precursor by HCHO. However, these approaches have not been optimized in terms of the 
ratio between reagents despite their widespread use. The reagents used in significant excess 
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will lead to unwanted waste and, at the same time, increase the cost of catalyst production. 
To this end, a detailed understanding of the stoichiometric relationship between the number 
of cubic seeds and the amount of precursor needed for the formation of octahedra could 
offer immediate benefits for scaling up the production. Similarly, all reported protocols for 
conformally coating Pt shells on Pd templates involve the excessive use of reagents, 
resulting in issues such as the formation of small particles through homogeneous 
nucleation. In some cases, the formation of such small particles may even compromise the 
deposition of Pt in terms of thickness control. 
In this work, I apply simple geometric and stoichiometric analyses to optimize the 
experimental conditions for scaling up the seed-mediated synthesis of Pd octahedra and 
Pd@Pt3–4L octahedra by 250-fold. Through the geometric analysis, I estimate the amount 
of PdII precursor required for the complete growth of a Pd cubic seed into a Pd octahedron. 
The amount of reducing agent is then determined based upon the stoichiometry for the 
reduction of PdII to Pd0 atoms. Through simple calculations, I can quickly identify the 
optimal conditions for increasing the volume of production in the synthesis of Pd octahedra 
to obtain over 500 mg of sample with uniform size and shape, together with purity 
approaching 100%. The Pd octahedra can then be used as seeds for the synthesis of 
Pd@Pt3–4L core–shell octahedra. Again, by scaling up the Pt deposition protocol using a 
similar approach, I could prepare Pd@Pt3–4L core–shell octahedra at a scale of over 200 mg 
of Pd+Pt. Furthermore, the electrocatalytic measurements indicate that the high ORR 





4.2. Results and Discussion 
My goal was to obtain nanometer-sized Pd octahedra on a scale of 0.5 gram and 
above in a single preparation. I accomplished this goal by scaling up the volume of 
production per batch from ca. 2 mg to ca. 10 mg by simply increasing the concentrations 
of reagents while keeping the same total reaction volume. I further increased the volume 
of production to ca. 480 mg by running multiple syntheses under identical conditions in 
parallel as illustrated in Figure 4.2. 
 
Figure 4.2. Schematic illustration of an approach to scaling-up the synthesis of Pd 
octahedra. An initial 5x scale-up was achieved by increasing the concentrations of reagents 
while maintaining the reaction volume constant and another 50x scale-up was 
accomplished by running 50 identical syntheses in parallel. Through these two steps of 
scale-up, over 500 mg of Pd octahedra could be obtained with uniform size and shape in a 
single preparation. 
 
Figure 4.3A shows a typical transmission electron microscopy (TEM) image of the 
10nm Pd cubic seeds. When I increased the concentrations of the Pd cubic seeds and all 
other reagents by 5-fold relative to the previously reported protocol, [10,11] I observed a 
significant amount of small particles in addition to the Pd octahedra growing from the cubic 
seeds, as indicated by red circles in Figure 4.3B. Evidently, increasing the concentrations 
of precursor and reducing agent would lead to acceleration of reduction kinetics and 
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thereby increase the concentration of the Pd atoms present in solution.[21,24] As a result, 
homogeneous nucleation would also occur in the reaction solution in addition to the 
expected heterogeneous nucleation and growth. These particles formed through secondary 
nucleation are very difficult to remove from the products by centrifugation. It has been 
reported that the homogeneous nucleation in a seed-mediated synthesis could be minimized 
by slowing down the reduction kinetics or slowly introducing the reactants.[25,26] 
However, such an approach would compromise the volume of sample that could be 
produced within a certain period of time. In this work, I employed geometric and 
stoichiometric calculations to optimize the amounts of reagents needed for a synthesis and 




Figure 4.3. TEM images of (A) Pd cubic seeds (10 nm in edge length) and (B-D) Pd 
nanocrystals obtained through seed-mediated growth from the cubic seeds using different 
protocols: (B) scale-up protocol by increasing the concentrations of all reagents involved 
in the standard protocol by 5-fold, (C) scale-up protocol by making adjustments to the 
concentrations of all reagents involved in the standard protocol, including Pd cubic seeds 
(5x), Na2PdCl4 (5x), HCHO (0.5x), PVP (3x), and (D) the protocol reported in literature. 
 
I first conducted a simple geometric analysis to calculate the exact amount of Pd 
atoms needed to fully grow a Pd cubic seed into a Pd octahedron by applying the duality 
principle of platonic polyhedra. According to this mathematical principle, every 
polyhedron can be described as dual polyhedra, in which their faces and vertices occupy 
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complementary locations (see an illustration in Figure 4.4).[22] For the objects under study, 
the center of each face of the octahedron intersects a vertex of the inner cube. I determined 
the relationship between an initial cubic seed and the final octahedron by using the 2-
dimensiomnal projection along the <110> direction of the dual polyhedral system. 
In this model, c and o represent the edge length of the cubic seed and the octahedral 
product, respectively. Figure 4.4A highlights the face of the octahedron that will be 
dissected by the [110] plane used to construct the 2D projection. This face is an equilateral 
triangle with height b described by equation (1). In the same way, Figure 4.4B highlights 
the cross-section of the cube that is dissected by the [110] plane. This projection is 
represented by a rectangle with edge lengths c and a, as described by equation (2). Figure 
4.4C was constructed based on the drawings in (A) and (B). Using similar triangles and 
algebraic manipulation, I calculated the ratio between a and b, which can be expressed in 
terms of c and o, as described by equations (3) and (4). This relationship was used to 
calculate the volume ratio, equations (5-7) between the octahedron (Vo) and cube (Vc). 
Since the cube and octahedra are both made of Pd, the volume ratio equals the mass ratio. 
Finally, with the obtained mass ratio, I calculated the mass of Pd (madd) needed to grow a 
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Since the Pd cubes and the final octahedra are made of the same metal, the 
calculated volume ratio (Vo/Vc) equals the mass ratio (mo/mc) of the dual polyhedral system. 
The obtained value was 4.5. It is important to clarify that these calculations only apply to 
the seed-mediated growth of Pd octahedra under the assumption that all the newly formed 
atoms were added onto the {100} facets with no growth along the <111> direction. 
Using ICP-MS, I obtained the total mass of Pd metal in the suspension of cubic 
seeds, and based upon the calculated mo/mc, we estimated the minimum amount of 
precursor needed for the formation of complete octahedra from the cubic seeds. The 
minimum amount of reducing agent was then derived from stoichiometry for the reduction 
of PdII precursor to Pd0 atoms by considering the donation of two electrons per HCHO 
molecule.[28,29] Through this simple analysis, I could achieve a 5-fold increase in the 
output of a single batch by increasing the PdII precursor by 5 times and halving the amount 
of HCHO. Under this new set of conditions, I could obtain ca. 10 mg of Pd octahedra with 
an average edge length of 21 nm (Figure 4.3C) without homogeneous nucleation. It is 
important to note that homogeneous nucleation was avoided by minimizing the amount of 
Pd atoms formed during the growth process due to the lower amount of reducing agent 
used. The size and quality of the Pd octahedra obtained using this scale-up protocol was 
comparable to the product prepared using the original protocol at a scale of ca. 2 mg per 




Figure 4.4. Model showing the 2D planes obtained when evaluating the dual polyhedral 
system along the <110> direction: (A) the octahedron face is represented by an equilateral 
triangle, (B) the cross-section of the cube is represented by a rectangle, and (C) the overall 
2D projection of the system. 
 
I further extended the scaled-up synthesis to multiple batches conducted in parallel. 
In a typical setup, a thermocouple was immersed in an oil bath hosted in a crystal dish, 
which was placed on a temperature-controlled stirring hotplate (Figure 4.5). A custom-
made vial holder was designed to rest on top of the crystal dish to hold up to 11 glass vials 
(see Figure 4.6, A and D, for top-view illustrations of the vial holder). I used five oil baths 
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held at 60°C, and conducted ten parallel syntheses in each oil bath to scale-up the volume 
of production by another 50-fold from ca. 10 mg to ca. 500 mg. To evaluate the quality 
and reproducibility of the syntheses, I analyzed samples obtained at random locations in 
the oil baths. As shown in Figure 4.6, the samples obtained from two different locations in 
the same oil bath (marked with blue and red colors) were almost identical to each other and 
both were comparable to the samples prepared in different oil baths. This combined scale-
up approach allowed us to obtain at least 0.5 g of Pd octahedra of 21 nm in edge length 
within 3 h, which were further employed for the synthesis of Pd@PtnL octahedra. 
 
Figure 4.5. Photographs of the experimental setup used for scaling up the synthesis of both 
Pd octahedra and Pd@Pt3-4L octahedra. (A) The setup contains a thermo-couple immersed 
in the oil bath and a temperature-controlled stirring hotplate. (B) Close-up of the oil-
containing crystal dish and stirring hotplate (C) Top-view of a custom-made vial holder 




Figure 4.6. TEM images of the Pd octahedra synthesized in the vials placed at different 
locations of (B and C) Oil Bath 1 and (E and F) Oil Bath 2 under the same experimental 
conditions. The locations are marked in (A) and (D) with different colors, respectively. 
 
I have also applied the aforementioned geometric and stoichiometric analyses to 
seed-mediated syntheses of Pd octahedra with different sizes. To my knowledge, no 
effective method has been reported in literature for the preparation of Pd octahedra with 
different sizes regardless of the volume of production. The seed-mediated growth has been 
an effective method for the synthesis of Pd octahedra with uniform shapes and well-
controlled sizes. In this case, one can control the size of the final Pd octahedra by simply 
varying the size of the Pd cubic seeds involved. The overgrowth will be self-terminated 
once the dual polyhedron has been formed.[10,11] Since the calculated mo/mc is 
independent of the size of the cubic seed, the same set of calculations can be applied to 
synthesize Pd octahedra with different sizes. The Pd cubic seeds were all prepared by 
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following a protocol previously reported by our group, in which the size of the cubes could 
be controlled by varying the amounts of KBr and KCl involved in the synthesis,[23] as 
summarized in Table 4.1. Figure 4.7, A and B, shows TEM images of Pd cubic seeds with 
average edge lengths of 6 nm and 15 nm, respectively. Using these seeds, I performed 5-
fold scale-up syntheses of Pd octahedra with average edge lengths of 15 nm (Figure 4.7C) 
and 31 nm (Figure 4.7D), respectively. 
 
Figure 4.7. TEM images of (A and B) Pd cubes and (C and D) Pd octahedra with different 
edge lengths of (A) 6 nm, (B) 15 nm, (C) 15 nm, and (D) 31 nm, respectively. The Pd 





Table 4.1. List of reagents used in the syntheses of Pd nanocrystals. 
Pd nanocrystals  






































Pd cubes (10 nm) 
105 mg 
100 μL 
0.3 mL (1.81 mg mL-1) 





Pd cubes (6 nm) 
315 mg 
50 μL 
0.75 mL (3.64 mg mL-1) 





Pd cubes (10 nm) 
315 mg 
50 μL 
0.75 mL (3.64 mg mL-1) 





Pd cubes (15 nm) 
315 mg 
50 μL 
0.75 mL (3.64 mg mL-1) 




A similar stoichiometric approach was further extended to the synthesis of Pd@PtnL 
octahedra in an aqueous system. Although I have developed a protocol for the synthesis of 
Pd@PtnL octahedra through epitaxial, conformal deposition of Pt shells on Pd octahedra in 
an aqueous solution, the volume of production has been limited to ca. 2 mg per batch based 
on the mass of Pd.[7-9] Here I scaled up the synthesis by increasing the concentration of 
Pd octahedral seeds by 10-fold. In order to avoid self-nucleation of the newly formed Pt 
atoms, I increased the concentration of K2PtCl4 (Pt precursor) by only 3-fold while keeping 
the concentration of citric acid (CA, reducing agent) the same as in the previously reported 
protocol.[16] Figure 4.8A shows a TEM image of Pd octahedral seeds with an average 
edge length of 21 nm and Figure 4.8B shows a TEM image of the Pd@Pt3–4L octahedra 
obtained through conformal deposition of Pt shells at a scale of ca. 21 mg of Pd per batch. 
As shown by the image, I could successfully avoid the generation of Pt nanoparticles 
through homogeneous nucleation even though the concentration of Pt precursor was 
increased by 3-fold. This success can be attributed to the slow reduction kinetics of the Pt 
precursor due to the use of a mild reducing agent like CA. 
I evaluated the electrocatalytic performance of the Pd@Pt3–4L octahedra toward 
ORR using the rotating disk electrode method. Before electrocatalytic measurements, I 
dispersed the Pd@Pt3–4L octahedra of 21 nm in edge length on carbon black (Ketjenblack 
EC-300J, AkzoNobel) to obtain Pd@Pt3–4L /C catalyst (Figure 4.8C). In order to remove 
potential residues such as PVP from the surface of the nanocrystals, I treated the Pd@Pt3–
4L/C catalyst by incubating in acetic acid at 60 °C for 2 h. To benchmark the electrocatalytic 
properties of Pd@Pt3–4L/C, I also carried out similar measurements with a commercial Pt/C 




Figure 4.8. TEM images of (A) Pd octahedra, (B) Pd@Pt3–4L octahedra, and (C) Pd@Pt3–
4L/C catalyst. For the synthesis of Pd@Pt3–4L octahedra, Pd octahedra with an edge length 
of 21 nm were used as the seeds for Pt deposition. 
 
I obtained the cyclic voltammograms (CVs, Figure 4.9A) and ORR polarization 
curves (Figure 4.9B) of the catalysts by sweeping the potentials between 0.08 and 1.1 VRHE 
in N2-saturated and O2-saturated HClO4 solutions, respectively. Based on the CVs, I 
calculated the electrochemical surface areas (ECSA) of the catalysts from the total charges 
associated with both adsorption and desorption of underpotentially deposited hydrogen on 
a Pt surface. As presented in Figure 4.9C, the specific ECSA of the Pd@Pt3–4L (61 m
2 gPt
-
1) was comparable to that of the commercial Pt/C (56 m2 gPt
-1) in spite of the significant 
difference in particle size (21 nm vs. 3.2 nm). This result indicates that the Pt atoms were 
well-dispersed on the surface of Pd octahedra as ultrathin shells. From the ORR 
polarization curve, I derived the kinetic current (ik)of the catalyst using the Koutecky-
Levich equation and then normalized it against the ECSA and Pt mass to obtain the specific 
(jk,specific) and mass activities (jk,mass), respectively. For a quantitative comparison of the 
catalytic activities between the Pd@Pt3–4L/C and commercial Pt/C catalysts, I selected 
jk,specific and jk,mass at 0.9 VRHE and plotted them in Figure 4.9, D and E, respectively. The 
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results are summarized in Table 4.2. The Pd@Pt3–4L/C exhibited a 3-fold enhancement in 
both the specific and mass activities relative to the commercial Pt/C catalyst. The 
enhancement in specific activity of the Pd@Pt3–4L/C could be attributed not only to its well-
defined Pt{111} facets, but also to ligand and lattice strain effects arising from the Pd sub-
surfaces. I have provided an in-depth discussion with regard to the enhanced ORR activity 
with the Pd@PtnL octahedra catalysts in a recent publication.[16] Although the Pd@Pt3–
4L/C catalyst showed a mass activity comparable to Pt/C in terms of platinum group metals 
(Pt+Pd, Table 4.2), the former should be much less expensive due to the lower market price 
of Pd relative to Pt ($660 vs. $1049 per troy oz.). As an additional alternative to further 
minimize material use and cost, recent work performed by our group also demonstrated 
that the Pd cores could be selectively removed to obtain Pt-based nanocages with a mass 
activity of more than three times higher than the commercial Pt catalyst.[14-18] 
Table 4.2. Specific ECSA, specific activity, and mass activity for the Pt/C and Pd@Pt3–
4L/C catalysts used in the ORR measurements. The mass activity is presented with respect 

















56 0.54 0.3 0.3 





Figure 4.9. (A) Cyclic voltammograms and (B) ORR polarization curves for the Pd@Pt3–
4L/C (red) and commercial Pt/C (black) catalysts. The current densities (j) were normalized 
against the geometric area of the RDE (0.196 cm2). (C) Specific ECSAs obtained with the 
total charges generated from both the adsorption and desorption of underpotentially 
deposited hydrogen. (D) Specific and (E) mass activities (normalized against the masses 
of Pt) at 0.9 VRHE for the catalysts. 
 
4.3 Conclusion of Chapter 4 
In summary, I have successfully developed a method to increase the production of 
Pd octahedra from ca. 2 mg to over 500 mg. The work presented here also offers a new 
perspective for increasing the production of other types of noble-metal nanocrystals. By 
taking advantage of stoichiometry, I have demonstrated the capability to increase the 
volume of production of Pd octahedra with different sizes via seed-mediated growth. A 
geometric and stoichiometric analysis was performed to calculate the minimum amount of 
reagents needed for the complete growth of a Pd cubic seed into its dual polyhedron. I 
could avoid homogeneous nucleation by minimizing the amount of Pd atoms formed 
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during growth process while retaining good control over the shape of the nanocrystals. The 
approach was also successfully extended to the synthesis of Pd@Pt3–4L octahedra, which 
were subsequently tested as catalysts toward oxygen reduction. The Pd@Pt3–4L octahedra 
prepared using a 10-fold scaled-up synthesis demonstrated a 3-fold increase in both the 
specific and mass activity toward ORR relative to the commercial Pt/C catalyst. The ability 
to achieve higher throughput in the synthesis of noble-metal nanocrystals will provide an 
opportunity to fully evaluate their potential use for industrial applications. 
 
4.4 Experimental Section 
Materials. All the chemicals were used as received, including sodium 
tetrachloropalladate(II) (Na2PdCl4, 99.998%, Acros Organics), potassium 
tetrachloroplatinate(II) (K2PtCl4, 99.99%, Sigma-Aldrich), poly(vinyl pyrrolidone) (PVP, 
MW≈55^000, Sigma-Aldrich), formaldehyde (HCHO, 36.5-38%, Sigma-Aldrich), 
ascorbic acid (AA, 99%, Sigma-Aldrich), and citric acid (CA, 99.5%, Sigma-Aldrich). All 
aqueous solutions were prepared using de-ionized (DI) water with a resistivity of 18.2 MΩ 
cm. 
Synthesis of Pd Cubic Seeds. The Pd cubic seeds with different edge lengths were 
synthesized by following a standard protocol according to Table 2.1. An aqueous solution 
(8 mL) containing PVP, AA, and a combination of KBr and KCl was preheated at 80 °C 
for 10 min under magnetic stirring. Meanwhile, 3 mL of an aqueous solution containing 
Na2PdCl4 (57 mg) was prepared and rapidly injected into the preheated solution using a 
pipet. The reaction solution was kept at 80 °C for 3 h, and the resultant nanocrystals were 
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collected by centrifugation, washed three times with DI water, and re-dispersed in water 
for further use. 
Scaled-up Synthesis of Pd Octahedra. In a typical procedure, 8 mL of an aqueous 
suspension containing PVP, HCHO, and Pd cubic seeds was prepared according to Table 
4.1 and then pre-heated at 60 °C for 10 min under magnetic stirring. Meanwhile, 3 mL of 
an aqueous Na2PdCl4 (145 mg) solution was rapidly added into the preheated solution using 
a pipet. The reaction was allowed to proceed at 60 °C for 3 h. The resultant nanocrystals 
were washed twice with water and re-dispersed in water for further use. 
Scaled-up Synthesis of Pd@Pd3–4L Octahedra. For the scaled-up synthesis of Pd@Pt3–4L 
octahedra, PVP (105 mg) and CA (60 mg) were added into 10 mL of an aqueous suspension 
of Pd octahedra (20 nm in edge length, 2 mg mL-1) and then preheated at 95 °C for 10 min 
under magnetic stirring. Meanwhile, 40 mg of K2PtCl4 was dissolved in 3 mL of water and 
was then quickly added into the preheated Pd octahedra solution using a pipet. The reaction 
solution was kept at 95 °C for 24 h under magnetic stirring and then cooled to room 
temperature. The products were collected by centrifugation, washed three times with DI 
water, and re-dispersed in water for further use. 
Preparation of Carbon-Supported Pd@Pd3–4L Octahedra Catalyst (Pd@Pd3–4L/C). 
The Pd@Pt3–4L octahedra were collected by centrifugation and redispersed in ethanol. A 
specific amount of carbon black (Ketjenblack EC-300 J, AkzoNobel) was added into the 
suspension to obtain a 20 wt% of total metal loading (Pd and Pt). The mixture was then 
ultrasonicated for 3 h, and the resultant Pd@Pt3–4L/C was collected by centrifugation, re-
dispersed in acetic acid, and heated at 60 °C for 3 h to remove PVP from the surface of the 
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nanocrystals. The Pd@Pt3–4L/C catalyst was washed three times with ethanol and dried in 
an oven at 70 °C for 30 min prior ORR tests. 
Morphological, Structural, and Elemental Characterization. All the samples were 
characterized using a transmission electron microscope (TEM, JEOL-JEM1400) operated 
at 120 kV. The metal contents of each sample were determined using an inductively 
coupled plasma-mass spectrometer (ICP-MS, NexION 300Q, PerkinElmer). 
Electrochemical Measurements. Electrochemical measurements were performed 
following previously reported protocol, [14-18] which uses a glassy carbon rotating disk 
electrode (RDE, Pine Research Instrumentation) connected to a potentiostat (CHI 600E, 
CH Instruments). The ink for the electrochemical measurement was prepared by adding 
the Pd@Pt3–4L/C suspension into a solution containing DI water (1 mL), 2-propanol (1 mL, 
Sigma-Aldrich), and Nafion (5 % solution, Sigma--Aldrich, 40 μL), followed by sonication 
for 10 min. A working electrode was prepared by loading the ink (20 μL) on the glassy 
carbon electrode. Another working electrode was prepared from the commercial Pt/C 
catalyst (20 wt% Pt, 3.2 nm nanoparticles on Vulcan XC-72 carbon support, Premetek) 
using the same protocol. A reversible hydrogen electrode (RHE, Gaskastel) and a Pt coil 
(Pine Research Instrumentation) were used as the reference and counter electrodes, 
respectively. The electrolyte was an aqueous HClO4 solution (70 %, double-distilled, GFS 
chemicals) with a concentration of 0.1 M. Any residual impurities on surfaces of the 
catalysts were removed using a nondestructive method at room temperature by keeping the 
electrode potential at -0.05 VRHE for 1 min. The cyclic voltammograms were measured in 
a N2-saturated electrolyte by cycling between 0.08 and 1.1 VRHE at a sweep rate of 0.05 
V^s-1. To calculate the ECSA, I measured the charges generated from the both adsorption 
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and desorption peaks of hydrogen between 0.08 and 0.4 VRHE with a reference value of 210 
(Pt/C) and 240 μC^cm-2 (Pd@Pt3–4L/C) for underpotentially deposited hydrogen on a Pt 
surface and then divided by the mass of Pt loaded on the working electrode. The ORR test 
was carried out in an O2-saturated electrolyte with a scan rate of 0.01 V^s
-1 and a rotation 
speed of 1600 rpm. The kinetic current density (jk) was derived from the Koutecky--Levich 










where j is the measured current density and jd is the diffusion-limiting current density. 
 
4.5 Notes to Chapter 4 
This chapter was adapted from “Seed-Mediated Growth of Colloidal Metal Nanocrystals: 
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FACILE SYNTHESIS OF IRIDIUM NANOCRYSTALS WITH WELL-




Nanocrystals of the Pt-group metals with a face-centered cubic structure (i.e. Pt, 
Pd, Rh, and Ir) have received particular interest in recent years because of their outstanding 
performance in a vast variety of industrially important catalytic reactions.[1-8] It is well-
documented that the activity and selectivity of such nanocrystals for a structure-sensitive 
reaction are highly dependent on the arrangement of atoms and thus the type of 
crystallographic planes on the surface, which has a strong correlation with the shape.[9-12] 
In the oxygen reduction reaction, for example, the catalytic activity of 6 nm Pd cubes 
enclosed by {100} facets with a square lattice was found to be 1 order of magnitude higher 
than that of 6 nm Pd octahedra encased by {111} facets with a hexagonal lattice.[13] In 
another example, the hydrogenation of benzene catalyzed by 13 nm Pt cubes encased by 
{100} facets generated only cyclohexene, whereas both cyclohexane and cyclohexene 
were observed for 13 nm Pt cuboctahedra covered by a mixture of {111} and {100} 
facets.[14]  
It is well-known that the Pt-group metals are very expensive because of the ever-
increasing demand and their extremely low contents in the Earth’s crust (typically at a ppb 
level).[15] In order to reduce the loading amount of these precious metals and thus achieve 
sustainable use, we need to maximize the performance of their nanocrystals by carefully 
controlling the shape. To this end, a variety of different shapes have been reported for Pt, 
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Pd, and Rh nanocrystals over the past few decades.[16-19] However, to the best of our 
knowledge, there is no literature report on Ir nanocrystals with well-defined shapes. Most 
of the reported Ir nanocrystals are irregular particles with sizes of 1−5 nm and roughly 
spherical shapes.[20-23] The difficulty in generating Ir nanocrystals with well- controlled 
facets can be attributed to their small sizes. Because of truncations at the corners and edges, 
the facets on the side faces are too small to be resolved. The small sizes of Ir nanoparticles 
can be ascribed to the relatively low energy barrier for homogeneous nucleation compared 
with that for heterogeneous nucleation during synthesis, as a result of which the newly 
formed Ir atoms in a synthesis tend to self-nucleate and grow into small particles rather 
than nucleate on the surface of preformed particles to form larger particles.  
Herein we demonstrate that nanocrystals exposing well- defined Ir facets can be 
synthesized using seed-mediated growth, by which Ir atoms resulting from the reduction 
of Na3IrCl6 by ascorbic acid (AA) and ethylene glycol (EG) were added onto the surface 
of Pd seeds with well-defined shapes. The key to the success of such a synthesis is to 
conduct the growth at a high enough temperature (e.g., 200 °C), at which the surface 
diffusion of the Ir adatoms is greatly accelerated. The fast diffusion of Ir adatoms across 
the Pd surface ensures a layer-by-layer (LbL) growth mode and thus the formation of a 
conformal coating of Ir. As long as the Ir shell is smooth at the atomic level, the facets on 
the resultant Pd@Ir core−shell nanocrystals will replicate those on the initial Pd seeds. 
Therefore, nanocrystals covered by different Ir facets can be readily obtained simply by 
using Pd nanocrystals with different shapes as the seeds. Specifically, we have successfully 
synthesized Pd@Ir cubes and octahedra covered by Ir{100} and Ir{111} facets when Pd 
cubes and octahedra, respectively, were used as the seeds. The facet- dependent catalytic 
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properties of these Ir-based nanocrystals were investigated by employing them as catalysts 
for the selective generation of H2 from the decomposition of hydrazine.  
 
5.2. Results and Discussion 
We started the synthesis with Pd@Ir core−shell cubes enclosed by Ir{100} facets. 
In a standard procedure, a solution of Na3IrCl6 in EG was slowly introduced (2.0 mL/h 
using a syringe pump) into a mixture containing poly(vinylpyrrolidone) (PVP) as a 
stabilizer, AA as the reductant, and Pd cubes with an edge length of 6 nm as the seeds, 
which had been preheated to 200 °C under magnetic stirring. The 6 nm Pd cubes encased 
by six {100} facets were prepared in the presence of Br− as a capping agent using a 
previously reported procedure.[24] As shown by the transmission electron microscopy 
(TEM) images in Figure 5.1A, the Pd cubic seeds were uniform in terms of both shape and 
size.  
 
Figure 5.1. TEM images of Pd cubes with an average edge length of (A) 6 nm and (B) 18 
nm that served as seeds for the growth of Ir. The inset of (A) shows a TEM image of the 6 




Figure 5.2A shows a typical TEM image of the Pd@Ir core−shell cubes prepared 
using the standard procedure. A thin, conformal Ir shell was formed on the surface of each 
Pd cubic seed, and the shell can be clearly resolved due to the good contrast between Pd 
and Ir. It can be seen that the cubic shape of the Pd seeds was fully retained during the 
deposition of Ir. Our analyses on a large number of particles (>50) indicated that the Pd@Ir 
cubes had an average edge length of 7.5 nm, which is 1.5 nm greater than that of the initial 
Pd cubic seeds. Therefore, the thickness of the Ir shell on each Pd{100} facet was 0.75 nm 
on average. A closer examination indicates that the Pd@Ir cubes had slight truncations at 
the corners (red arrows in Figure 5.2A), whose appearance can be attributed to partial 
desorption of Br− ions from the side faces of the Pd cubic seeds during the preheating 
process because of the presence of a reductant.[25] This was validated by the X-ray 
photoelectron spectroscopy (XPS) data shown in Figure 5.3. Without the passivation by 
Br− ions, the surface free energy of Pd{100} is expected to be higher than that of 
Pd{111}.[16-19,25] Therefore, during the growth, Ir atoms tended to preferentially 
nucleate and grow on the high-energy Pd{100} facets in an attempt to reduce the total free 
energy of the system, resulting in truncations at the corner sites. This argument was also 
supported by the result that these slightly truncated Pd@Ir cubes further grew into 
truncated Pd@Ir cubes with an enlarged truncation area when additional Na3IrCl6 was 





Figure 5.2. (A) TEM image of Pd@Ir core−shell cubes with slight truncations at the 
corners. The inset shows a TEM image taken from the same sample at a higher 
magnification and a 2D schematic model. Red arrows indicate slight truncations at the 
corner sites. (B) HRTEM image of an individual Pd@Ir cube. The inset is the 
corresponding FT pattern. (C) HAADF-STEM image of an individual Pd@Ir cube and 
EDX maps (green = Pd, red = Ir).  
 
Figure 5.3. A comparison of the XPS intensities of the Br 3d peaks on the 6-nm Pd cubic 
seeds: the as-synthesized seeds (black curve), and the seeds subjected to pre-heating in 
ethylene glycol at 200 °C for 1 hour (red curve), showing that most of the Br− ions 





Figure 5.4. TEM image of Pd@Ir truncated cubes synthesized using the standard 
procedure for preparing the Pd@Ir cubes except that the total volume of the Na3IrCl6 
solution was increased from 6 to 12 mL. The white arrows indicate the truncations at 
corners. The inset is a typical HAADF-STEM image taken from an individual particle. 
 
We further characterized the structure and composition of the Pd@Ir cubes in 
Figure 5.2A by XPS, high-resolution TEM (HRTEM), high-angle annular dark-field 
scanning TEM (HAADF-STEM), and energy-dispersive X- ray (EDX) mapping. The XPS 
data (Figure 5.5) confirm that the shell of the Pd@Ir cubes is composed of Ir(0). The typical 
HRTEM image of an individual Pd@Ir cube along the [100] zone axis and the 
corresponding Fourier transform (FT) pattern (Figure 5.2B) clearly show the Pd@Ir cube 
to be bounded by Ir{100} facets. The HRTEM image also reveals the continuous lattice 
fringes from the Pd core to the Ir shell, indicating an epitaxial relationship between the two 
metals. As the lattice mismatch between Pd and Ir is only 1.3% (3.89 vs 3.84 Å), it was 
impossible to resolve the elemental compositions from the lattice spacing, and the 
interfacial strain caused by lattice mismatch can be neglected. We applied EDX analysis 
to examine the distributions of Pd and Ir in each core−shell cube. The EDX maps (Figure 
5.2C) clearly show a color difference between the core (green = Pd) and the shell (red = 
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Ir), confirming that the shell was dominated by Ir while the core was essentially made of 
pure Pd.  
 
 
Figure 5.5. Ir 4f XPS spectra recorded from Pd@Ir core-shell cubes (as shown in Figure 
5.2) and octahedra (as shown in Figure 5.9), confirming that the shells were composed of 
Ir(0). [26] 
 
We believe that fast diffusion of the Ir adatoms during growth was responsible for 
the formation of a smooth Ir coating and thus the appearance of well-defined Ir facets in 
the final products. Figure 5.6A schematically illustrates two possible modes for the growth 
of Ir on Pd cubic seeds. The newly formed Ir atoms are expected to deposit onto the Br–-
free Pd(100) surface of a cubic seed because of the relatively high surface energy of 
Pd{100}. Upon deposition, the Ir adatoms can migrate across the Pd surface by surface 
diffusion.[27] Only if the rate of surface diffusion is higher than that of atom deposition 
can the growth proceed by the LbL or Volmer−Weber mode, which gives rise to a smooth, 
conformal coating of Ir. Otherwise, the growth proceeds by the island or Frank−van der 
Merwe mode, resulting in the formation of irregular Ir particles on the Pd surface and thus 
a rough Ir shell. For the present synthesis, Na3IrCl6 should be immediately reduced to Ir 
atoms because of the strong reducing power of AA.[27] Therefore, the concentration of the 
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newly formed Ir atoms in the reaction solution and thereby the deposition rate of Ir is 
mainly determined by the rate of injection of the Na3IrCl6 solution, which can be tightly 
controlled through the use of a syringe pump.[27-29] On the other hand, the rate of surface 
diffusion can be conveniently varied by adjusting the reaction temperature.[27-29]  
 
Figure 5.6. (A) Schematic illustrations of two possible modes of deposition of Ir on Pd 
cubic seeds. (B, C) TEM images of Pd−Ir bimetallic nanocrystals synthesized using the 
standard procedure for preparing the Pd@Ir cubes except that (B) the reaction temperature 
was decreased from 200 to 160 °C and (C) the 6 nm Pd cubic seeds were replaced with the 
same amount of 18 nm cubic seeds and the volume of Na3IrCl6 solution injected was 
increased from 6 to 20 mL. The inset in (B) is an HRTEM image taken from an individual 
particle shown in (B). 
 
To validate our assumption, we first decreased the reaction temperature from 200 
to 160 °C while keeping the Na3IrCl6 injection rate the same as in the standard synthesis 
(2.0 mL/h). In this case, the rate of surface diffusion decreased, and the Ir adatoms were 
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expected to stay at the deposition sites, facilitating island growth. As expected, Pd−Ir 
bimetallic nanocrystals with a rough surface were produced as the final products (Figure 
5.6B). A similar morphology was observed when the Na3IrCl6 injection rate was increased 
from 2.0 to 8.0 mL/h while the reaction temperature was maintained at 200 °C (Figure 5.7).  
 
 
Figure 5.7. TEM images of Pd-Ir bimetallic nanocrystals synthesized using the standard 
procedure for preparing the Pd@Ir cubes except that the injection rate for the Na3IrCl6 
solution was increased from 2.0 to 8.0 mL/h. 
 
Besides the relatively high rate of surface diffusion, the small size of the Pd cubic 
seeds (i.e., 6 nm) was also found to contribute to the LbL growth and thus the formation of 
a smooth, conformal Ir shell. A larger size for the Pd seeds would impose a longer travel 
distance for the Ir adatoms.[27] As a result, the Ir atoms could not diffuse across the entire 
Pd surface, leading to island growth and thus the formation of rough Ir shell. For example, 
Pd−Ir bimetallic nanocrystals with a rough surface were obtained when the 6 nm Pd cubes 
were replaced by 18 nm Pd cubes as the seeds while all of the other parameters were kept 
the same as in the standard synthesis except that the volume of Na3IrCl6 solution injected 
was increased from 6 to 20 mL (Figure 5.6C). 
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In order to obtain nanocrystals covered by Ir{111} facets, we extended the synthetic 
strategy from Pd cubes to Pd octahedral seeds encased by eight Pd{111} facets. The 
procedure for the growth of Ir on Pd octahedral seeds was the same as used for the 
preparation of Pd@Ir cubes except for the substitution of 6 nm Pd cubes with the same 
amount of 6 nm Pd octahedra. The uniform 6 nm Pd octahedral seeds (Figure 5.8) were 
prepared using citric acid as the capping agent for the Pd{111} facets according to a 




Figure 5.8. TEM images of Pd octahedra with an average edge length of 6 nm that served 
as the seeds for the growth of Ir. The inset shows a TEM image taken from the same sample 
at a higher magnification. 
 
Figure 5.9A shows a TEM image of the as-prepared Pd@Ir core−shell octahedra 
with an average edge length of 7.8 nm. A thin, smooth Ir shell over the octahedral Pd core 
can be clearly observed (Figure 5.9A inset). The typical HRTEM image taken from an 
individual Pd@Ir octahedron along the [110] zone axis and the corresponding FT pattern 
(Figure 5.9B) indicate the exposure of Ir{111} facets on the surface. The core−shell 
structure was confirmed by the EDX maps (Figure 5.9C; green = Pd, red = Ir). It is worth 
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pointing out that LbL growth in this case was still maintained even when the reaction 
temperature was decreased from 200 to 160 °C (Figure 5.10A), which is different from the 
case of Pd cubic seeds (Figure 5.6B). When the reaction temperature was further decreased 
to 120 °C, the growth was switched to the island mode (Figure 5.10B).  
 
 
Figure 5.9. (A) TEM image of Pd@Ir core−shell octahedra. The inset shows a TEM image 
taken from the same sample at a higher magnification and a 2D schematic model. (B) 
HRTEM image of an individual Pd@Ir octahedron. The inset is the corresponding FT 
pattern. (C) HAADF-STEM image of an individual Pd@Ir octahedron together with EDX 
maps (green = Pd, red = Ir). 
 
These results indicate that the diffusion rate of Ir adatoms on the Pd(111) surface 
was higher than on Pd(100) surface at the same temperature. Such a higher diffusion rate 
can be ascribed to the relatively lower energy barrier for the diffusion of Ir adatoms (Ediff) 
on the Pd(111) surface. In general, a close- packed crystallographic plane such as (111) has 
a relatively smoother surface and thus a lower Ediff than a loose-packed plane with an open 
structure such as (100) or (110).[30,31] For example, it was shown that the value of Ediff 
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for the diffusion of Rh adatoms is 0.16 eV on the Rh(111) surface and increases to 0.60 
and 0.88 eV for Rh(110) and Rh(100), respectively.[30] 
 
Figure 5.10. TEM images of Pd-Ir bimetallic nanocrystals synthesized using the procedure 
for preparing the Pd@Ir octahedra except that the reaction temperature was decreased from 
200 °C to (A) 160 °C and (B) 120 °C. The insets show TEM images taken from the same 
samples at a higher magnification. 
 
Another interesting finding for the growth of Ir on Pd octahedral seeds was that 
further increasing the volume of Ir precursor solution from 6 to 12 mL (Figure 5.11) did 
not result in an increase in the thickness of the Ir shell. Instead, small Ir particles with 
irregular shapes due to homogeneous nucleation and growth started to appear in the 
product. This result implies that in the present system the energy barrier for further 
deposition of Ir atoms on the Ir{111}-covered octahedra is higher than that for the self-
nucleation of Ir. We also observed a similar phenomenon, known as self-termination for 




Figure 5.11. TEM images of nanocrystals synthesized using the standard procedure for 
preparing the Pd@Ir octahedra except that the volume of Na3IrCl6 solution was increased 
from 6 to 12 mL. In addition to the formation of Pd@Ir octahedra, there were a lot of small 
Ir nanoparticles 1-2 nm in size (as indicated by the red arrows) that were formed through 
homogeneous nucleation. The inset shows a TEM image taken from the same sample at a 
higher magnification. 
 
Finally, we investigated the facet-dependent catalytic properties of the as-prepared 
Pd@Ir nanocrystals using selective H2 generation via the decomposition of hydrous 
hydrazine as a model catalytic reaction. H2 generation is at the core of hydrogen fuel cell 
technology. Hydrous hydrazine, H2NNH2·H2O, is one of the safest and most efficient 
hydrogen storage materials, with a hydrogen content as high as 7.9 wt %. [34] It is known 
that the decomposition of hydrazine has a strong dependence on the type of catalyst used 
and the reaction conditions. [35] In general, hydrazine can be decomposed in two ways: 
completely (H2NNH2 → N2 + 2H2) and incompletely (3 H2NNH2 → 4NH3 + N2). 
Nanoparticles based on Ir were found to be effective in catalyzing the decomposition of 
hydrazine and the generation of H2.[37]
 Obviously, maximizing the H2 selectivity for Ir 
nanocrystals by engineering its surface is expected to be an effective approach to reduce 
the loading of precious Ir and, at the same time, more efficiently utilize the hydrogen 
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storage material. Nevertheless, it has been extremely difficult to study this subject since 
essentially none of the reported Ir nanocrystals possess a well-defined shape. The Pd@Ir 
cubes (Figure 5.2) and octahedra (Figure 5.9) covered by Ir{100} and Ir{111} facets, 
respectively, enabled us to investigate the facet-dependent catalytic properties of Ir 
nanocrystals toward the decomposition of hydrazine. For comparison, we also prepared 
Pd@Ir cuboctahedra encased by a mixture of Ir{100} and Ir{111} facets by coating Pd 
nanospheres with smooth Ir shells (see Figure 5.12 for details).  
 
Figure 5.12. TEM images of (A) Pd nanospheres with an average diameter of 5 nm that 
were used as the seeds and (B) the corresponding Pd@Ir core-shell cuboctahedra grown 
from the 5-nm spherical seeds. The procedure for the preparation of Pd@Ir cuboctahedra 
was the same as the standard procedure for the Pd@Ir cubes except for the substitution of 
6-nm Pd cubes with the same amount of 5-nm Pd nanospheres as the seeds and the decrease 
of injection volume for Na3IrCl6 solution from 6 mL to 4 mL. The insets show the 
corresponding 2D models for each sample. 
 
As shown in Figure 5.13, all the three types of Pd@Ir core−shell nanocrystals 
showed catalytic activity toward the decomposition of hydrazine, while essentially no 
activities were observed for the corresponding Pd seeds. The molar ratios of generated H2 
+ N2 to initially added hydrazine were 1.18, 0.73, and 0.57 for the Pd@Ir cubes, 
cuboctahedra, and octahedra, respectively, corresponding to H2 selectivities of 31.8%, 
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14.9%, and 8.9% (see the SI for details). These results indicate that the Ir(100) surface has 
a much higher H2 selectivity than the Ir(111) surface toward the decomposition of 
hydrazine. On the basis of previous reports,[37,38] the decomposition of hydrazine into N2 
and H2 on the Ir surface involves a series of steps, including decomposition of adsorbed 
N2H4 into NH2, splitting of NH2 into N and H atoms, combination of N and H atoms into 
N2 and H2 molecules, respectively, and finally the desorption of N2 and H2 molecules from 
the Ir surface as gas products. Thus, the observed higher H2 selectivity for the Ir(100) 
surface might be attributed to its higher efficiency in facilitating the aforementioned 
reaction steps compared with the Ir(111) surface. In the future, componential calculations 
might advance our mechanistic understanding of this catalytic reaction.  
 
Figure 5.13. Time course plots for the decomposition of hydrous hydrazine catalyzed by 
different nanocrystals at room temperature. The y axis is the molar ratio of N2 + H2 
produced from the reaction to the initially added hydrazine. Each data point represents the 
average of three independent measurements. 
 
 
5.3 Conclusion to Chapter 5 
In summary, we have demonstrated a facile method based on seed-mediated growth 
for the synthesis of Ir nanocrystals with well-controlled facets. The essence of this 
approach is to coat Pd seeds having a well-defined shape with conformal Ir shells to ensure 
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the replication of atomic arrangements on the surface. Both Pd@Ir core−shell cubes and 
octahedra, enclosed by Ir{100} and Ir{111} facets, respectively, were successfully 
prepared by using Pd cubes and octahedra as the seeds. The key to the success of this 
synthesis is to accelerate the rate of surface diffusion for the deposited Ir atoms by 
increasing the reaction temperature. In comparison with the Ir{111}-covered octahedra, 
the Ir{100}-covered cubes exhibited a much higher H2 selectivity toward the 
decomposition of hydrazine. This work represents the first successful attempt for facet-
controlled synthesis of Ir nanocrystals. We believe that the synthetic strategy reported here 
can also be extended to the synthesis of Ir nanocrystals with other facets by using Pd 
nanocrystals of different shapes as the seeds.  
 
5.5 Experimental Section 
Chemicals and Reagents. Ethylene glycol (EG, lot no. G32B27) was obtained from J. T. 
Baker. Sodium hexachloroiridate(III) hydrate (Na3IrCl6·xH2O, MW=473.90), citric acid 
(CA, ≥99.5%), sodium tetrachloropalladate(II) (Na2PdCl4, 98%), potassium bromide (KBr, 
≥99.0%), L-ascorbic acid (AA, ≥99.0%), and poly(vinyl pyrrolidone) (PVP, MW≈55,000) 
were all obtained from Sigma-Aldrich. All aqueous solutions were prepared using 
deionized (DI) water with a resistivity of 18.2 MΩ·cm.  
Preparation of Pd seeds. i) 6-nm and 18-nm Pd cubes to be used as seeds. The Pd cubic 
seeds were synthesized according to a previously reported procedure. [39] In brief, 8.0 mL 
of an aqueous solution containing 105 mg of PVP, 60 mg of AA, and different amounts of 
KBr and KCl (5 mg of KBr + 185 mg of KCl for 6-nm cubic seeds; 600 mg of KBr for 18-
nm cubic seeds) was hosted in a vial and preheated to 80 °C in an oil bath under magnetic 
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stirring for 10 min. Subsequently, 3.0 mL of an aqueous solution containing 57 mg of 
Na2PdCl4 was added with a pipette. After the vial had been capped, the reaction was 
allowed to continue at 80 °C for 3 h. After being washed with DI water three times via 
centrifugation, the Pd cubic seeds were stored in 5 mL of EG for future use (~4.0 mg/mL 
in Pd element). ii) 6-nm Pd octahedra to be used as seeds. The 6-nm Pd octahedral seeds 
were prepared using a previously reported procedure with slight modifications. [38] In a 
typical synthesis, 8 mL of water/ethanol mixture solution (5 mL water and 3 mL ethanol) 
containing 105 mg of PVP and 180 mg of CA was hosted in a vial and preheated to 80 °C 
in an oil bath under magnetic stirring for 10 min. Then, 3.0 mL of an aqueous solution 
containing 57 mg of Na2PdCl4 was added with a pipette. The reaction was allowed to 
continue at 80 °C for 3 h. After being washed with DI water for three times via 
centrifugation, the final product was dispersed in 5 mL of EG for future use (~4.0 mg/mL 
in Pd element). iii) 5-nm Pd nanospheres to be used as seeds. In a typical synthesis, 2 mL 
of an EG solution containing 30 mg of PVP was hosted in a vial and preheated to 160 °C 
in an oil bath under magnetic stirring for 10 min. Then, 1.5 mL of an EG solution containing 
16 mg of Na2PdCl4 was quickly added to the reaction solution with a pipette. The reaction 
was allowed to continue at 160 °C for 3 h. After being washed with acetone once and DI 
water for three times via centrifugation, the final product was dispersed in 1.4 mL of EG 
for future use (~4.0 mg/mL in Pd element).  
Standard procedure for the synthesis of Pd@Ir core-shell cubes. In a standard 
procedure, 10 mL of an EG solution containing 100 mg of PVP and 60 mg of AA was 
hosted in a 25-mL three-neck flask and preheated to 100 °C in an oil bath under magnetic 
stirring for 1 h. Then, 0.8 mL of the 6-nm Pd cubic seeds was added to the flask using a 
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pipette. The reaction temperature was ramped to 200 °C after the addition of seeds. 
Immediately after the temperature had reached 200 °C, 6.0 mL of Na3IrCl6·xH2O solution 
(0.5 mg/mL, in EG) was injected to the flask at a rate of 2.0 mL/h using a syringe pump. 
The reaction was allowed to proceed for an additional 10 min after the Na3IrCl6 precursor 
had been completed injected. The products were collected by centrifugation, washed once 
with acetone, three times with water, and finally redispersed in 0.8 mL of DI water. The 
procedures for preparing other types of Pd-Ir bimetallic nanocrystals were the same as this 
standard procedure for Pd@Ir cubes except for the minor changes as indicated in the text.  
Catalytic decomposition of hydrazine monohydrate. i) Protocol for the catalytic 
reaction. The catalytic reactions were carried out according to the protocol reported by Xu 
and coworkers with minor modifications. [36] Typically, 0.4 mL of an aqueous suspension 
of the Pd-Ir bimetallic nanocrystals and 10 µL of hydrazine monohydrate were sequentially 
added into a two-neck flask kept at room temperature (ca. 22 °C) under magnetic stirring, 
with one of the openings connected to a gas burette. The gases produced from the flask 
were passed through a trap containing 100 mL of hydrochloric acid (1.0 M) to ensure the 
complete removal of ammonia. The volume of the remaining gases was recorded using the 
gas burette. ii) Calculation of the H2 selectivity. [38] In general, hydrazine can be 
decomposed to generate a mixture of N2 and H2 (Eq. 1) or a mixture of NH3 and N2 (Eq. 
2). Given that x represents the H2 selectivity of a catalyst, the combined reaction for (1) 
and (2) can be expressed as Eq. (3), from which x can be expressed and derived as Eqs. (4) 
and (5). Since NH3 is removed from the gas mixture, the molar amount of N2 and H2 can 
be easily calculated using the ideal gas law (Eq. (6)). Collectively, the value of x can be 
experimentally derived from Eq. (5) by measuring the volume of produced H2 and N2: 
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𝑁2𝐻4  → 𝑁2 + 𝐻2     (1) 
3𝑁2𝐻4  → 𝑁2 + 4𝑁𝐻3    (2) 




[(1 + 2𝑥) + 6𝑥]
3
⁄   (4) 
𝑥 = (
[




⁄ ) × 100 (5) 
𝑃𝑉 = 𝑛(𝑁2 + 𝐻2)𝑅𝑇     (6) 
Characterizations. The transmission electron microscope (TEM) images were taken using 
a Hitachi-HT7700 microscope (Hitachi, Tokyo, Japan) operated at 120 kV. The X-ray 
photoelectron microscopy (XPS) data were recorded using a Thermo K-Alpha 
spectrometer with an Al Kα source (eV). High-resolution TEM (HRTEM) images, high-
angle annular dark-field scanning TEM (HAADF-STEM) images and energy dispersive 
X-ray (EDX) mapping were acquired using a double Cs-corrected JEOL ARM200F TEM 
at Brookhaven National Laboratory. 
 
5.5 Notes to Chapter 5 
This chapter was adapted from “Facile Synthesis of Iridium Nanocrystals with Well-
Controlled Facets Using Seed-Mediated Growth” published in the Journal of the American 
Chemical Society. [40] 
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CONCLUSIONS AND FUTURE DIRECTIONS 
 
6.1 Concluding Remarks 
This dissertation covers a number of strategies for controlling the size and shape of 
noble-metal nanocrystals, as well as explores scale-up strategies for the commercialization 
of such nanomaterials. In the first project, I developed a simple and robust method for the 
synthesis of Pd nanoplates using hydroxylamine as the reducing agent. By characterizing 
the products obtained at different time points, I found that the internal defect structure of 
the Pd nanoplates was formed at the early stage of a synthesis, which provided seeds with 
stacking-faults for the subsequent growth into highly anisotropic, planar, well-defined 
hexagonal nanoplates. It is reasonable to consider this synthesis a robust one because I 
found that rather drastic changes to the experimental parameters such as pH, temperature, 
and chemical environment did not significantly alter the nucleation process (i.e., formation 
of internal defect structure) and overall shape (i.e., hexagonal) of the final products. The 
protocol could even be adapted for a continuous flow reactor to scale up the production of 
high-quality Pd nanoplates. 
In my next project, I developed a strategy that separates the nucleation and growth 
processes during a one-pot synthesis of Pd nanocrystals. In this work, I intentionally 
introduced two reductants with very different reducing powers to regulate both the 
production of seeds, and the necessary growth to produce Pd octahedra. The strong 
reductant was used to control the initial reduction and nucleation to form single-crystal 
seeds, while the weak reductant was used for both the slow reduction of unreacted 
precursor and the stabilization of the resultant {111} facets. To illustrate the generality of 
122 
 
this approach, I evaluated four pairs of strong-weak reductants and demonstrated that Pd 
octahedra could be obtained in good quality for all cases. In contrast, when the reductants 
was used individually, the products were polydispersed in terms of both size and shape. 
In my third project, I introduced a new perspective on increasing the volume of 
production during a synthesis of colloidal nanocrystals via seed-mediated growth. By 
taking advantage of stoichiometry, I demonstrated the capability to increase the volume of 
production of Pd octahedra with different sizes from ca. 2 mg to over 500 mg. I performed 
both geometric and stoichiometric analyses to calculate the minimum amount of reagents 
needed for the complete growth of a Pd cubic seed into its dual polyhedron. I could avoid 
homogeneous nucleation by minimizing the amount of Pd atoms formed during the growth 
process while retaining a good control over the shape of the nanocrystals. I successfully 
extended the approach to the synthesis of Pd@Pt3–4L octahedra, which were subsequently 
tested as catalysts toward oxygen reduction. The Pd@Pt3–4L octahedra prepared using a 10-
fold scaled-up synthesis demonstrated a 3-fold increase in both the specific and mass 
activity toward ORR relative to the commercial Pt/C catalyst. 
Finally, my coworkers and I have demonstrated a facile method based on seed-
mediated growth for the synthesis of Ir nanocrystals with well-controlled facets. The 
essence of this approach was to deposit conformal Ir shells onto the surface of Pd seeds to 
replicate the atomic arrangements of the surface and obtain well-defined Ir nanocrystals. 
Both Pd@Ir core−shell cubes and octahedra, enclosed by Ir{100} and Ir{111} facets, 
respectively, were successfully prepared by using Pd cubes and octahedra as the seeds. The 
key to the success of this synthesis was to accelerate the rate of surface diffusion for the 
deposited Ir atoms by increasing the reaction temperature. We further evaluated the H2 
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selectivity toward the decomposition of hydrazine and found that the Ir{111}-covered 
octahedra exhibited a much higher selectivity than the Ir{100}-covered cubes. 
 In all, my research has provided both, mechanistic insights into the nucleation and 
growth of noble-metal nanocrystals, and approaches that could further improve the 
commercial viability of these nanomaterials. The methods presented here for the synthesis 
of Pd nanocrystals are simple, robust, and scalable, while allowing a good control over the 
nanocrystal’s shape. Lastly, this work enhances our understanding of structure-property 
relationship for Ir nanocrystals, where the shape-dependent catalytic properties have not 
been explored. 
 
6.2 Future Direction 
The research described in this dissertation seek to simplify and, to a certain extent, 
guide the rational design of metal-based nanocrystals, in an effort to scale up the production 
of these materials. Despite the success in recent years, there are still open questions that 
need to be investigated. 
First, the work presented above encourages the development of new one-pot 
approaches to the synthesis of metal nanocrystals with controlled shapes. However, 
extensive work remains to be done to elucidate the mechanisms of the dual-reductant 
approach. Understanding the reduction kinetics can direct crystal growth to obtain specific 
morphologies, and lead to the design and synthesis of a myriad of well-controlled shapes 
for colloidal nanocrystals.[1,2] The reduction mechanism of individual reductants will be 
altered when several reductants are present simultaneously in the same reaction system. 
Therefore, in-depth kinetic studies should be conducted in the future to gain a quantitative 
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understanding of the reduction mechanism, and to optimize experimental parameters to 
optimize the amount of particles with a specific internal defect structure. Moreover, given 
the complexity of the system, the redox reactions between the metal precursor and two 
reductants could exhibit second, third or even higher order kinetics, which invalidates 
commonly used approximations such as the pseudo-first order approximation. Therefore, 
additional studies and more complex data analysis methods (i.e., the Finke-Watzky 
mechanism)[4-5] should be developed and/or employed to accurately determine the kinetic 
and thermodynamic parameters. In some cases, UV/vis cannot be used alone to track the 
concentration of a given metal precursor, so inductively-coupled plasma mass 
spectrometry (ICP-MS) may be necessary to quantify the reduction kinetics. 
The mechanisms that govern the homogeneous nucleation of both stacking-fault-
lined structures and other unique defect-containing nanocrystals, are yet to be elucidated. 
Most of the methods for the synthesis of such structures are far from simple due to the 
involvement of gases like CO, or long reaction times. The method presented here for 
nanoplates can serve as a model reaction for future experiments, with an aim to elucidate 
the mysterious mechanisms for the formation of plates. Specifically, elucidating the 
oxidation mechanism of hydroxylamine and the byproducts such as N2O generated during 
the reaction, could lead to insights regarding the mechanism of formation for nanoplates. 
I would like to conclude my dissertation by inviting the scientific community to 
take a step back from their research and reflect on the extent and impact of their results 
towards our society. The discovery and development of nanotechnology created a 
new perspective on the world. For instance, we have smaller, faster, and better transistors 
that are responsible for information storage.[6-9] Ultra-high definition displays and 
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televisions are now being sold utilizing quantum dots to produce more vibrant colors while 
being more energy efficient.[6-9] Nanotechnology is improving the efficiency of fuel 
production from raw petroleum materials through better catalysis, and it is also enabling 
reduced fuel consumption in vehicles and power plants through higher-efficiency 
combustion and decreased friction.[6-9] In the field of medicine, nanoparticles are used as 
therapeutic or imaging agents in clinical trials in an effort to control the biodistribution, 
enhance the efficacy, or otherwise reduce toxicity of a drug or biologic.[10-12] 
Indeed, nanotechnology is helping to considerably improve our lives, yet we could 
and we should do better. There is still an enormous gap between academic studies and the 
practical use of shape-controlled nanocrystals. We have developed complex methods to 
synthesize any shape possible, however these unique materials have not truly been 
exploited in applications. We should encourage the identification of current 
problems together with the development of ideas that can promote the utilization of these 
nanomaterials to improve lives. As a scientific community, we owe this to the tax payers 
who every year contributes financially to the advancement of science through 
organizations such as the National Science Foundation, the National Institute of Health, 
the Department of Energy, and Department of Homeland Security, among many 
others. After all, the most noble accomplishment that a scientist could ever achieve will 
always be to do something useful.  
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